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Trie attached report on Space Shuttle Upper Stages was prepared at the request of 
your committee during the past spring. Tne study was carried out jointly by the 
NASA and DOD and has been reviewed and approved by both organizations. 

The report summarizes the status and general characteristics of upper stages now 
in use or in development, as well as new vehicle possibilities examined during the 
study* It then discusses upper stage requirements far both civil and DOD missions, 
categorized generally into near-term {early and mid-iSXG's), mid-term (late IJSffs 
to mid-1990's} and far-term (fate I99ffs and beyond). Finally, it examines the 
technical, schedule and cost impact of alternative ways in which these require- 
ments could be met, and readies a number of conclusions and recommendations. 



Although it is briefly mentioned in the introductory summary, we would like to 
emphasize that the study dearly illustrates that whenever possible approved 
satellite programs are designed to have their requirements for launch faii within 
the capabilities of approved or existing launch vehicles. This practice obviously 
provides the maximum probability of total system compatibility and reduces the 
probability of the need for weight saving design changes, reductions in program 
scope and schedule delays. As a result, however, any advance in launch capability 
must be based on the anticipated needs of programs not yet approved rather than 
the firm needs of programs under way. The study, therefore, focused considerable 
attention on the program requirements anticipated for the late 1980's and early 
ISSffs since these will be based on the launch vehicle decisions and commitments 
which lie ahead. If we fail to move forward in launch capability, we will severely 
restrict an important opportunity for flexibility in providing for die advance of 
spacecraft capability. 

Tne study, therefore, concluded that the Inertia! Upper Stage, now in development 
by the DOD, should be continued to support vital national security and civil 
missions; and that NA5A should undertake the adaptation of the Centaur to be used 
in the Shuttle to support the near-term Galileo mission and the projected mid-term 
high energy requirements of NASA, DOD and commercial users. The combined 
inventory of the two vehicles will adequately accommodate immediate needs and 
will provide satellite programs an adequate performance margin to proceed with 
confidence in the development of advanced, more capable systems for the late 
19S(7s and earlv 1990>s. 
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One further point should be emphasized. The frame of reference for this study was 
the President's FY 19S2 Budget, as amended in March. Subsequent changes to the 
National Space Programs may, of courf*. effect the requirements on which the 
conclusions reflected in the attachment were based. 

We are pleased to submit this joint study report on Shuttle Upper Stages. 
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Deputy Administrator, National Secredsryftf the Air Force 

Aeronautics and Space Administration 
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1.0 EXECUTIVE SUMMARY 

1.1 rHTROOUCT IOH 

The United States Congress, after reviewing the NASA FY 1982 
budget request to develop a Centaur derivative to support the planetary 
exploration program, directed that NASA and the DOD conduct a joint 
study to determine the nation's upper stage requirements and to 
define the lost appropriate program for meeting these needs. NASA 
was also directed to reevaluate the sole source Centaur procurement 
decision; this action will be handled by a separate NASA report to 
the Congress. 

The Space Transportation System (STS) is made up of several 
major elements. The Space Shuttle is the key element and provides 
transportation for payloads from earth to low earth orbit. Upper 
stages ere required for payloads which must go to higher altitude 
orbits or escape the earth and enter interplanetary trajectories. 
These stages are of different sizes to accommodate the range of 
payloed needs. Small, spin-stabilized, upper stages are being 
connercially developed to place payloads of 2,750 and 4,400 pounds 
in geosynchronous transfer orbits. Payload "Kickstages" then place 
spacecraft of 1,400 to 2,200 pounds into geosynchronous orbits. 
This report investigates the larger, more sophisticated three-axis 
stabilized upper stages. These include the Air Force's Inertial 
Upper Stage (IUS), capable of 5,000 pounds to geosynchronous, now 
nearing completion of development, and the NASA wide-body Centaur 
(13,000 pounds to geosynchronous} which is a modification of an 
existing expendable launch vehicle stage. 

An STS configured Transtage (8,000 pounds to geosynchronous), 
which is representative of the stcrable propellant systems, and a 
Shuttle-optimized Interim Orbital Transfer Vehicle (10TV), a cryogenic 
propellent stage somewhat larger than the Centaur, were also evaluated. 
The STS Transtage configurations differ depending on mission unique 
requirements ie... 8,000 pounds to geosynchronous orbit and a configura- 
tion with a Delta 3920 second stage and a solid kickstage motor as a 
third stage for planetary missions. The major constraint on the IOTV 
was for a new stage, ie. . . new development, at lowest cost to meet 
requirements in the late 1980's and early 1990's. By definition, 
such a stage would satisfy all technical requirements, however being 
a new stage, higher development complexity, schedule and cost risk 
will exist. 

Both NASA and DOD examined their current and projected mission 
requirements and evaluated each of the upper stages (IUS, Centaur, 
Transtage, IOTV) against those requirements. 

Ihe determination of upper stage requirements focused on 
near-term "firm" requirements: those imposed by currently approved 
programs; and on "anticipated" requirements: those imposed by major 
planned program changes and upgrading; and, to a limited extent, on 
the more distant requirements or program considerations still in the 
very early conceptual stage. The examination of near-term requirements 
confirmed that almost without exception, approved programs are based 



oh the launch vehicle and upper stage capabilities which exist or 
are in development at the time of program approval. Only where programs 
encounter exceptional growth or the addition of a new mission requirement 
do "firm" launch requirements MCe°A approved capabilities. The 
requirement to improve launch capability therefore depends upon 
"anticipated," rather than "firm," program requirements. To a signi- 
ficant extent, therefore, the conclusions and recommendations of the 
study focus on the limited "firm" requirements which approach or 
exceed approved upper stage capabilities and on the "anticipated" 
requirements based on near-term planned program changes and upgrading. 
Only in this way is it possible to provide a launch capability which 
will allow those orogram changes to be made with confidence that 
their launch requirements will be met. 

1.2 REQUIREMENTS 

NASA and defense requiresents differ in signficant ways, and 
therefore have been analyzed and discussed separately. NASA upper 
stage requirements encompass both planetary exploration and earth 
orbiting (civil government and commercial) missions. 

NASA planetary requirements are directly related to upper 
stage performance-; the greater the upper stage performance, the 
greater the scientific/exploration benefits that can be established 
and accomplished. The design of interplanetary missions usually 
begins with the use of "optimum" trajectories which will permit 
reaching the target destination(s) at specified times and locations 
with minimum additional spacecraft propulsion capability. Once the 
upper stage capability and availability are factored in, trajec- 
tory adjustments are made to "recapture" the mission. Essentially, 
the development of the final mission requirements is an iterative 
process whereby adjustments often result in constraints or degrada- 
tions to the original mission design expressed in teras of (1) added 
trip tte to the planets, (2) more launches, i.e., payload split 
into two or aiore parts, (3) deferred launch dates, (4) use of low- 
energy, gravity-assisted trajectories based on specific launch 
opportunities, (5) addition of high energy propulsion systems in the 
spacecraft itself which complicates design and raises cost, and/or 
(6) reduction in missjsn objectives. Final mission requirements are 
a compromise relative to upper stage capability, payload weight, 
mission time, mission reliability, qualitative and quantitative 
accomplishment of mission objectives and overall mission cost or 
available funding. 

NASA advanced study results over the past several years relative 
to large space structures show that materials technology makes such 
payloads as large space platforms and antennas now practical in 
earth orbit for the late 1980' s. Such payloads, because of size and 
fragility of their structure will require upper stage performance 
with low thrust capability to prevent structural damage from excessive 
acceleration. 



NASA is also responsible for enhancing this nation's technology 
in order for us to compete more effectively in international markets. 
Coirmercial communications spacecraft are an important factor in this 
competition. The evolution of commercial spacecraft since the early 
1960's has been analyzed* The historical trend showed that starting 
around 1975 spacecraft weight began to stabilize in order to main- 
tain dual capatibility with the STS and expendable launch vehicles. 
This has required users to limit spacecraft weight and size and 
increase number of spacecraft, support development of other carrier 
systems, develop more complex equipment to fit within weight and 
size limits, etc. 

Defense missions place a wide range of demands upon all elements 
of space transportation, including upper stages. These reauirements 
go well beyond the need for a significant amount of energy for payload 
injection and consider a wide range of operational factors important 
to maximizing the operational availability of critical defense space- 
craft missions. These demands can be expected to increase over time 
along with demands for increased payload weight lifting capability. 

Currently approved and funded DOD operational space programs 
require 5,000 pounds placed in a geosynchronous orbit (that is, 
an orbit such that the spacecraft stays at a point over the equator). 
Projections of firm requirements for operational defense programs 
indicate this requirement will grow to 5,500 pounds in the late 
1980's. Furthermore, these operational 000 programs would like 
to have i capability of 5,500 pounds in 1987, growing to 6,200 
■rounds in 1988. ?ayload weight in final orbit is the most important 
discriminator between stages; limited weight capability can force 
mission limitations or jncrease spacecraft cost to implement weight 
reduction programs. 

A number of existing operational defense space programs project 
significant payload weight increases beginning in 1990 as a new 
sequence if block change spacecraft become operational. For those 
programs which do not grow dramatically, the IUS could remain as the 
primary launch vehicle. However, for programs whose weight in geosyn- 
chronous orbit grows into the 8,000-10,000 pound range, a significantly 
more capable upper stage is likely to be required. A new upper stage 
based either on cryogenic or storable propellents would be suitable 
for missions in this weight class. 

An assessment of advanced defense mission concepts (all of 
which would represent new program starts) shows that in the late 
1990's and in the early twenty-first century, that additional signi- 
ficant Increases in payload weight will be needed and that a number 
of different high energy orbits will come into operational use. 
Since the Shuttle will likely still be the primary vehicle for launching 
such systems, then the performance limitation will be determined 



primarily by the upper stage selected. Consequently, the Shuttle 
throw weight limits -- combined with dramatic increases in mission 
requirements -- sill ultimately result in the need for the high- 
efficiency, high-energy levels provided only by cryogenic liquid 
propellant stages. 

1.3 ASSESSMENT StMHART 

flu assessment of the overall NASA requirements shows that a 
high energy stage is needed to fulfill projected NASA and coiraercial 
needs. Assessment of upper stage program options reveals that the 
decision should be based on schedule and performance rather than life 
cycle cost (since cost is not a major discriminator}. The long range 
cost analysis results showed that the variance between options was 
small and within the error inherent in the numbers used in the analysis. 
The near term cost analysis as related only to planetary missions 
showed that tii^ cost variations between the options, with the excep- 
tion of the 10TV options, were small. 

An assessment of upper stage candidates against the 000 require- 
ments can be susnarized as follows: The Inertia! Upper Stage (IUS) 
can meet nearly all the firm defense needs, and the IUS can be easily 
modified to "capture" the small region of missions not within its 
basic design capability of 5,000 pounds to geosynchronous orbit. The 
Transtage (or other similar storable propellant systems) can satisfy 
all the firm defense needs, but can only capture a small portion of 
the projected growth. Shuttle payload limits (65,000 pounds) will 
limit both the IUS and Transtage growth such that these systems can 
never capture a significant portion of the projected long term defense 
needs. The cryogenic propellant stages (Centaur and IOTV) can capture 
a very large portion of the projected growth, and when combined with 
the solar electric propulsion system (using two Shuttle flights) 
could even capture a portion of the large high altitude platform 
missions. 

Consequently, it appears logical to retain the IUS and make 
necetsary incremental performance improvements to meet firm defense 
needs. There appears to be little benefit to transition to the 
Transtage, or another storable propellant system, since this approach 
does not add to current mission capability and does not capture a 
significant portion of the projected growth. The logical step for 
defense missions is to supplement the MS capability with a high 
performance cryogenic upper stage which will have long term utility. 

1.4 JOINT BASA/P00 CONCLUSIONS 

The IDS is the only available stage capable of meeting the 
near term earth-orbiting requirements for 000 and NASA and, with 
modifications, could satisfy NASA and 000 earth orbiting missions 
through the 1980s. 

The Transtage (or other storable propellant vehicles) could 
satisfy near term NASA and 000 earth-orbiting requirements from a 
performance standpoint, but cannot be available in sufficient time to 



meet current program schedules. In addition, it is not efficient for 
NASA planetary missions and falls short of meeting projected long 
term national security performance requirements. 

An IOTV, since it would be optimally designed to meet national 
requirements, would be the best upper stage to meet the long term 
performance and operational needs of both NASA and the DOD. However, 
this approach is not acceptable since the development time required 
for sucn a new stage would not allow the NASA near term requirements 
to be set. in addition, cost and schedule risks would be considerably 
higher then for the Wide-body Centaur. 

The Centaur is the only vehicle capable of meeting near term 
NASA planetary requirements, particularly the need for a Galileo 
combined Qrbiter/Probe mission on a direct trajectory to Jupiter in 
1985. The Centaur will satisfy the future envisioned and proposed 
J3ASA planetary missions through the mid-1990's. The Centaur could 
also be adapted to nest both current and projected CfASA and DOD earth- 
orbiting requirements and its early availability could offer an option 
for considerable enhatcssant of DOD mission capabilities. 

Development of a cryogenic upper stage will strengthen the 
United States leadership rote in both hydrogen/oxygen engine techno- 
logy and in payloed lift capability. The long range requirements 
will drive upper stages toward the very high specific impulse perform- 
ance provided by hydrogen/oxygen cryogenic stages. Proceeding with a 
cryogenic upper stage will maintain the small engine cryogenic techno- 
logy lead, maintain a second domestic source of cryoyenic expertise, 
and strengthen the Government's long term competitive opportunities. 
Proceeding wit!; the wide body Centaur will accomplish these ends and 
provide a significant and tisal/ jump in upper stage performance. 
This will allow the United States to compete with the Ariane and also 
maintain our clear prgsgingnce in the important field of cryogenic 
engine technology. 

i.5 KECQMHEHOAIiOa 

In order to satisfy the national mission requirements of both 
the DOD and NASA, the Air Fores should continue development and 
production of the IDS and NASA should develop the Centatsr. 
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STUDY 

UPPER STAGE ALTERNATIVES FOR 

THE SHUTTLE ERA 



2.0 INTRODUCTION 

The Space Transportation System (STS), is made up of several 
major elements. The Space Shuttle is the key element and provides 
transportation for payloads from earth to low earth orbit. However, 
many missions require transportation to orbits and earth escape 
trajectories which are not attainable by the Space Shuttle. To 
accomplish such missions, propulsive stages with the mission pay- 
loads attached are carried to low earth orbit by the Space Shuttle 
and launched from the Space Shuttle. These propulsive stages are 
called upper stages. 

Payload missions requiring upper stages fit into different 
categories. These categories are defined by mission energy require- 
ments which are characterized by mass to be delivered to a particular 
orbit, unique trajectory or destination. To best accomodate these 
varying mission energy requirements, upper stages of different sizes 
and energy capability are required. Such Upper Stages are planned 
end under development by NASA,. 000 and commercial developers. 

The McDonnell Oouglas Corporation is developing, as a com- 
mercial venture, Spinning Solid Upper Stages, the SSUS-D and SSUS-A, 
to accomodate future payloads of the energy classes which are currently 
flown on the expendable Delta and Atlas Centaur launch vehicles. 
The performance of the SSUS-D and the SSUS-A, respectively, is 3750 
pounds and 4400 pounds to a geosynchronous transfer orbit. This is 
approximately equivalent to 1400 pounds and 2200 pounds in geosyn- 
chronous orbit. A multiple mix of SSUS's and other payloads can be 
flown on a single Shuttle flight. 

The Air Force is currently developing a two-stage solid pro- 
pellant upper stage known as the Inertial Upper Stage (IUS) for 
accomplishing earth orbital missions requiring more energy than can 
be provided by the SSUS vehicles. The IUS will be compatible with 
the Titan III (34D) launch vehicle and the Space Shuttle. The IUS 
as baselined for use with the Space Shuttle can deliver 5,000 pounds 
to geosynchronous orbit. The IUS will be used by NASA for launching 
the Tracking Data Relay Satellite (TORS) missions and will be used 
by 000 for various missions. 

A third category of missions exists which requires higher 
energy capability than can be provided by the IUS. Effect" 
exploration of outer space and other planets requires propulsive 
capability beyond that offered by the IUS. NASA has approved and 
planned planetary missions to accomplish these objectives. In add 
tion, the historical growth curve for geosynchronous satellites 
indicates that a greater capability than 5,000 pounds to geosyn- 
chronous orbit should be available to permit spacecraft growth in 
the late 30' s or early 90's. Advanced payload planners are also 



currently planning large space structures which will eventually 
require higher energy upper stages. Europe's Ariane project plans, 
as of mid-1981, included growth potential to accommodate a payload 
of 12,000 pounds in geosynchronous transfer orbit (approximately 

7.000 pounds to geosynchronous orbit}, later information indicates 
that their capability for Ariane V could be as high as 8,500 pounds 
to geosynchronous orbit. The Ariane IV first stage, which is also 
the first stage for Ariane V, will now have liquid strap-on engines 
which increases performance by approximately twenty percent. 

NASA, currently with letter contracts, has initiated effort to 
adapt Centaur to the ST5 in order to meet these current and future 
requirements. 

2.1 PURPOSE/SCOPE 

The NASA approach for accomplishing current and predicted 
future requirements has been questioned by Congress and a joint agency, 
NASA and OOD, analysis has been performed to determine the basic 
national requirements and the best national approach (i.e., vehicle 
or family of vehicles) for satisfying these requirements. In addition 
to providing the results of the analysis, this report has purposely 
been structured to provide background information relative to 
requirements, upper stage configurations and options, study approach, 
and associated payload and STS data to permit others to derive their 
own conclusions. Extracts from other documents, analysis results, 
reports, etc., have been incorporated directly rather than by reference 
to permit ready assimilation of the report. 

2.2 SCOPE LIMITATIONS 

The purpose of the analysis was to determine the best national 
upper stage approach to meet the current and projected national 
requirements. The effort was not intended to be a precise budget 
analysis whereby cost data utilized or resulting from the study would 
replace budget information submitted through proper channels in and 
from NASA and OOD. However, the cost data utilized in the study is 
the best information currently available and was derived from valid 
sources with changes in format and terminology to allow accurate 
comparative analysis to be performed among options. Again, the 
report is not intended to be a budget or funding requirements docu- 
ment for NASA or 000 and should not be used for that purpose. 

The SSUS programs, although acknowledged during performance of 
the analysis, were not a major point of concern in that higher perform- 
ance vehicles are being questioned. Therefore, the scope is limited 
relative to these projects and the report only addresses them for 
completeness. 



PAGE IHTENTIOIIALLY BLANK 



3.0 BACKGROUND 

The question, "Which are the most appropriate upper stages to 
best meet the national needs", has been studied and restudied exten- 
sively for the past 10 years. An in-depth, well prepared, summary 
scenario of early study results, of which many of the basic facts are 
still valid today, exists in the documented "Hearings Before the 
Subcommittee on Manned Space Flight of the Committee on Science and 
Aeronautics, U.S. House of Representatives, Nineth-Third Congress," 
published under title of Space Tug-1973. 

Since the Congressional hearings in 1973, many decisions were 
made by NASA and DGD, with Congressional oversight, relative to upper 
stage programs. These decisions, arrived at mutually as partners for 
use and in development of the SIS, were made based on best infor- 
mation, i.e., technical and budgetary existing at the time and with 
concern for national interest and policy. 

3.1 HISTORY 

During the fall of 1975, NASA and 000 agreed that DOD would 
develop an Interim Upper Stage for national use and that NASA would 
plan for development of a Space Tug, i.e..- high energy stage, to be 
initiated in the early eighties. The initiation of the Interim Upper 
Stage program began with the Air Force Validation Phase Contract with 
the Boeing Company in September 1976. A contract was awardeJ in 1978 
for the development phase and the vehicle was then designated the 
Inertia! Upper Stage, NASA participated in the selection process end 
provided funds to the Air Force, under a mutual agreement, for NASA- 
unique systems and stages. The Air Force was to develop a two-stage 
vehicle for use by 000 and NASA with an STS capability of 5,000 pounds 
to geosynchronous orbit. The vehicle was also to be used by the Air 
Force with the Titan III (340) for the Shuttle transition period and 
STS backup. The unique NASA vehicles to be developed by the Air 
Force with NASA funds were to be high energy twin and three stage 
lUS's for accomplishing planetary missions. 

Original planning provided for a Galileo mission in early 1982 
and an International Solar Polar Mission (I$PM) in early 1983. In 
late 1979 it became questionable whether the Space Shuttle/lUS could 
support thf early 1982 Galileo launch and at that time NASA reviewed 
several alternative approaches to meeting the mission objectives. The 
most viable alternative at that time was to split the Galileo 
Qrbiter/Probe combined payload into two separate Shuttle/IUS flights 
and slip the launches into early 1984, while maintaining the ISPH 
launch in 1983, This alternative remained viable when the Air Force 
decided in December 1979, following a comprehensive evaluation of IUS 
alternatives, to continue the IUS development program. 

After NASA's announcement to Congress in November 1979 of 
plans to redirect the Galileo program, Congressional requests were 
made to: first, conduct a reassessment of the Galileo and ISPM to 
again evaluate the use of the Centaur liquid upper stage for these 
missions in lieu of the IUS and, second, examine future upper stage 



mission requirements. In response, NASA performed a reassessment of 
the Galileo and ISPM missions, reevaluated the use of Centaur as an 
upper stage and examined future upper stage mission- requirements and 
forecasts through the 1985-2000 time frame. 

The results of the study were documented in a report, "Study 
of Upper Stage Alternatives for Space Transportation Systems Mission 
Operations," dated 3 Hay 1980. Based on both Air Force and NASA 
programaatic and budgetary decisions, the upper stage baseline posture 
for near-term Space Transportation System operations appeared to meet 
the then currently planned mission requirements and NASA recommended 
the Galileo mission be flown on two Shuttle/IUS flights in 1984 and 
the then known (one NASA and one European spacecraft) ISPM mission on 
two Shuttle/IUS flights in 1985. It was also concluded that, from a 
technical and operational viewpoint, the Centaur could be modified 
and integrated with the Space Shuttle and meet the mission performance 
requirements of Galileo and ISPM (one flight each). However, the 
arbiter development schedule was intense leading to the first manned 
orbital flight and it was not the proper time to introduce additional 
schedule risk with early introduction c f the liquid cryogenic Centaur 
into the Space Shuttle, . The cost, at that time, of the Centaur alterna- 
tive showed an increase over the then existing baseline IUS program. 
Relative to the review of mission forecasts through the I985-H0QO 
time frame, the results indicated the need for future upper stages of 
much greater capability and flexibility than the IUS and that a cryogenic 
upper stage (an initial version of the Orbital Transfer Vehicle/OTV) 
Should be introduced into the Space Shuttle in the late 1980* s. 
Additional studies were initiated to determine the complexities of 
integrating the Centaur into the Shuttle. 

Congressional responses agreed to the Galileo and ISPM redirec- 
tion and NASA and the Air Force proceeded with implementation of the 
plan as the most cost beneficial means of mission execution. 

The combination of planetary mission requirements increases, 
mission delays, and overruns in the basic two-stage IliS development 
program combined to increase NASA IUS budget requirements by about 
5I00M in FY 81/82. Budqet constraints necessitated a slip of the 
Galileo and ISPM missions from 1984 and 1985 to 1985 and 1986. Slipping 
the Galileo from 1984 to 1985 increased the energy requirement a 
because of changes in the relative position: of the planets. The 
only way the IUS could perform the mission would be via an indirect 
trajectory, Delta-Velocity Earth Gravity Assist ( A -VEGA) which 
added considerable mission time (approximately 3 years) and relaced 
mission costs (approximately S2O0M), as well as degraded mission 
reliability. In response to the situation, NASA (in conjunction with 
BOD) performed an upper stage alternative stage study and presented 
the results to the joint NASA/00D Aeronautics and Astronautics 
Coordinating Board (AACB) in March 1981. The AACB conclusions were 
that the Air Force continue the development of the two-stage IUS and 
that NASA develop a Centaur derivative for the high energy planetary 
missions. With these conclusions, NASA directed the Air Force to 
discontinue development of the planetary versions of the IUS, notified 
Congress of NASA's intent to initiate the Centaur STS program and 
proceeded to initiate letter contracts required to protect the mission 
launch schedules. 
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3.2 CURRENT SITUATION 

Although Congressional concurrence exists for the limited 
liability letter contracts for initiation of the Centaur STS program, 
Congressional concern was expressed relative to the nation's basic 
upper stage mission requirements having been adequately defined and 
whether or not the Centaur is the appropriate approach for satisfying 
the national requirements. To this end, another joint NASA/OOD 
Alternative Upper Stage Study was requested. This report provides 
the results of that study. 

3.3 UPPER STAGE OPTIONS/STAGE DESCRIPTIONS 

NASA and the Air Force, as the 000 representative, have per- 
formed a comprehensive and in-depth analysis of upper stage program 
options, including expendable launch vehicle/upper stage combinations. 

The Upper Stage vehicles receiving the major effort as viable 
options were the IUS, Centaur, Transtage and several versions of a 
cryogenic Interim Orbital Transfer Vehicle. A brief description of 
these vehicles and associated systems is provided here for technical 
reference. As the use of the Solar Electric Propulsion Stage (SEPS) 
with all vehicles was considered, a brief description of SEPS is also 
included in Section 3.3.5. A study was also performed relative to 
use of a small storable stage with the Centaur STS. This combination 
provides for utilization of the best features of both storable and 
cryogenic stages. Different ways to implement the major system 
concepts (cryogenic, solid, solar electric and/or storable propellant 
stages) were studied and discussed. Since the stages used were the 
best performers of the classes of vehicles, the basic report conclu- 
sions would not be changed by including a greater number of stages or 
concepts in the assessment. The following describes the candidate 
upper stages used for detailed analysis for this study. 

Figure 3.3-1 provides a pictorial comparison of the prime 
upper stage options considered for the STS. 



UPPER STAGE COMPARISON 




3 -3.1 105 STS 

The basic IUS is a two-stage solid propel 1 ant vehicle being 
developed by the Air Force and planned for DOD, NASA and civil use. 
It will be used both with the Space Shuttle (first flight late 1982) 
and on the Titan launch vehicle (first flight mid-1982 ), The reference 
STS mission was for 5,000 pounds into geosynchronous orbit. 

The IUS has redundant critical components such as navigation 
and guidance avionics, reaction control systems and backup electrical 
power supplies which will provide a calculated vehicle reliability of 
better than 98 percent. It uses two solid-propellant motors, a large 
first stage motor containing 21,400 pounds of propellant and a smaller 
second stage motor with 6,000 pounds. A second stage motor extendable 
exit cone to provide increased performance is standard with the STS 
configuration and optional for Titan. The IUS Twin-Stage was also 
reviewed again as an option for performance of planetary missions. 
The IUS Twin-Stage utilizes two 21,400 pound motors. 

3.3.2 CENTAUR STS DESCRjPTIQj} 

The Centaur STS is a wide-body derivative of the upper stage 
of the expendable launch vehicle, the Atlas Centaur (AC). The Centaur 
STS is taking maximum advantage of current Centaur design, with 
minimum changes, to accomplish required performance parameters and 
compatibility with other existing elements of the STS. Only mandatory 
functional systems, or safety required changes are being considered 
in order to preserve already demonstrated high reliability and to 
provide the lowest possible development cost and schedule risk leading 
to the Galileo mission to Jupiter in April 1985. The Centaur STS 
will be capable of placing approximately 13,000 pounds into geosyn- 
chronous orbits. 

With future requirements under consideration, the multiburn 
capability inherent in the reference vehicle configuration is being 
preserved in the STS version. The current inherent adaptability for 
engine low thrust operation will also be preserved. The wide-body 
inherent design will provide the capability to shorten the stage, if 
required later, to provide short, high energy stages for long payloads 
(up to 42 feet) within the Orbiter cargo bay constraints. Centaur 
airborne support equipment (ASE) is being developed for support of 
the Centaur STS while in the Shuttle cargo bay and will be reusable 
with minimum refurbishment between flights. Dependence on orbiter 
systems and interfaces with the Orbiter will be minimal while main- 
taining compatability with basic safety requirements. Utilization of 
existing facilities and ground support equipment (GSE) at the manu- 
facturing plant and the launch site to the maximum extent, is part of 
the basic plan. 

3.3.3 STS TRANSTAGE DESCRIPTION 

The Transtage has been flown on the Air Force Titan vehicle 
since the early 60's. The plan, as it existed with the start of the 
IUS program in 1976, was to phase out the Transtage with the evolution 
of the Titan III (340) and the IUS. In the early 70's and as explicitly 
discussed in the Hearings before the Subcommittee on Manned Space 



Flight of the Committee on Science and Astronautics, U.S. House of 
Representatives in September 1973 and documented, reference Space 
Tug-1973, the Transtage and advanced versions have previously teen 
considered for use as an STS upper stage element. 

With the advent of the IUS contract in 1976, the Transtage was 
no longer considered as a candidate for the STS upper stage. However, 
with the announcement by NASA to cancel the three stage IUS program, 
the Martin Marietta Company provided the Air Force, and later NASA, 
with data relative to advanced versions of the Transtage family for 
consideration for utilization with the Titan III (340) and the STS. 
These stages would be growth versions of the Til IC Transtage. To 
insure that there were not better Transtage options available, NASA 
expanded the family, for analysis purposes, by adding a kickstage to 
the configurations provided. A dual standard Transtage configuration 
was also reviewed again for performance. 

3.3.4 mTERIH_ ORBITAL TRANSFER VEHICLES (IQTV) DESCRIPTION 

Many studies have taken place over the past decade relative to 
Orbital Transfer Vehicles (OTV's) and/or Interim Orbital Transfer 
Vehicles (IOTV's). Some of these studies were performed by NASA in- 
house, some by contractors to NASA and DOB, and many were performed 
by various companies with their own funds. As would be expected, the 
capability of the verious theoretical vehicles varied considerably 
depending on basic assumptions such as mission models, timeframe 
required, manned requirements or growth capability to manned require- 
ments, etc.... For the purpose of this study, a version as provided 
by HSFC was utilized but other configurations were included in summary 
fashion which would require more complex development with associated 
cost and schedule considerations. 

The version selected as an option is an IOTV configuration, 
not optimum as far as maximum performance, but with performance close 
to that which is foreseen to be required through the early 90's. 
Growth or adaptability to a larger IOTV size however, was a basic 
assumption. The major constraint was for a new stage, i.e., new 
development, at lowest cost to meet limited requirements in the late 
80's and early 90's. More accommodating new vehicles at higher cost 
could also be made available during the addressed time frame should 
new/practical requirements become visible and provide the demand. 

3.3.5 SOLAR ELECTRIC PROPULSION STAGE (SEPS) DESCRIPTION 

Similar to a kickstage, SEPS will be launched on the Shuttle 
and boosted higher by a Shuttle upper stage. The primary advantage 
of SEPS over conventional chemical vehicles is its inherent ability 
to provide a large velocity capability due to the very high specific 
impulse and thereby achieve very high energy missions that cannot be 
accomplished otherwise. 



The distinguishing characteristic of the SEPS is its propul- 
sive method. Solar radiation is collected by large solar arrays and 
converted into the kinetic energy of the exhaust beam. Electric 
power conditioners produce the voltages required to operate the thrusters. 
Thrust results from the electrostatic expulsion of mercury ions. 
Electrons from a neutralizer are injected into the main beam path to 
prevent a charge buildup on the vehicle. For most missions a specific 
impulse of 3000 seconds gives a good compromise between thrust level 
and propellant utilization. Specific impulse is a measure of propul- 
sion efficiency. SEPS offers a specific impulse on the order of 
seven to ten times the best achievable from chemical propulsion systems. 

The availability of the SEPS stage for flight is a function of 
the program approval date and the available funding. Program defini- 
tion studies (Phase B) have been completed and availability sou Id be 
approximately 45 months after initiation of a development program. 
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4,0 REQUIREMENTS 

4-1 NASA UPPER STAGE REQUIREMENTS 

4-1.1 SHUTTLE CAPABILiTIES/CQfiSTRAINTS 

The Space Shuttle is the key element in the STS. Payloads and 
carrier vehicles such as upper stages are constrained to the weight, 
volume and environment provided by the Shuttle element. Safety require- 
ments and operational constraints of the Shuttle system oust also be 
taken into consideration when calculating usable upper stage and 
payload mass. The payload weight of 65,000 pounds to a circular 150 
nautical mile orbit with launch due east from Kennedy Space Center is 
the performance reference used for most of this study. Other payload 
weights and launch inclinations have been discussed by the study team 
as related to Upper Stage vehicle and overall STS performance in 
order to evaluate and understand STS flexibility for future missions- 
In general, many of these discussion results stq not included in the 
text in order to keep the text from becoming too lengthy. But it is 
obvious that, with higher payload capability or higher energy stage 
availability, more mission flexibility will exist in a changing and 
demanding environment as requirements evolve in later years. Other 
ramifications were also analyzed such as the ability for upper stage 
capability growth (i.e., Centaur currently offloading 10,000 pounds 
of propellents for geosynchronous orbits because of 65,000 Shuttle 
limitation). As liquid stages can dump propellents during sbort/contin- 
gency situations they aren't constrained by landing requirements as 
are solid stages and lift off weight can therefore grow to existing 
tank capacity without additional future modifications to the upper 



The total payload, upper stage find spacecraft, is constrained 
to 60 feet in length and 15 feet in diameter as provided by the Qrbiter 
cargo bay. Other factors such as orbiter center of gravity limita- 
tions affect the placement of the payload in the bay and can impact 
upper stage designs. Support structure considerations in the cargo 
bay also vary with stage and payload length requirements. These 
considerations were treated generally during the study. The length 
and volume provided by the Orbiter is not a limiting factor for NASA 
payloads currently under consideration, however, considerable discussion 
did take place during the analysis relative to length requirements 
for BQD payloads. This matter is discussed under D0D requirements. 

The safety and environmental constraints were addressed in the 
study to the detail necessary for assurance that each upper stage 
option would be compatible with Shuttle constraints and that allowances 
to meet constraints/requirements were provided for in overall cost 
data. 



4.1.2 EARTH ORBtTIMG MISSION REOUIREMEMTS 

In assessment of large earth orbiting upper stage missions, 
the Tracking Data Relay Satellite (TORS) missions are the only currently 
funded NASA missions. These utilize the full capability of the IUS, 
i.e., 5,000 pounds into geosynchronous orbit. The first flight of 
TORS is now scheduled for December 1982. A total of six TDRS launches 
are currently planned with a seventh as a possible later requirement. 

The search for hard, firm requirements in the commercial 
community, reveals the fact that spacecraft investors do not plan to 
spend funds to design and build spacecraft which exceed the delivery 
capability. The uncertainty in the development of higher performing 
upper stages for the STS has been and still is influencing user policy 
relative to planning advanced high performance spacecraft/satellites. 

Discussion with INTELSAT, COMSAT, and others* does indicate 
that commercial payload developers desire spacecraft with weight to 
geosynchronous orbit requirements which far exceed existing carrier 
capability. Intelsat VI I could require, if an accommodating demon- 
strated upper stage capability exists, the placing of 9,000 to 12,000 
pounds in geosynchronous orbit in the early 1990 * s . it should be 
noted that current Intelsats are designed so as to have an integral 
propulsion capability such that final placement is froa a geosyn- 
chronous transfer orbit, which allows compatibility with the Ariane 
launch vehicle. Intelsat VI has a design requirement to be compatible 
with both the Space Shuttle end the Ariane. 

TABLE 4.1-1 



GEOSYNCHRONOUS ORBIT 
COMMERCIAL SPACECRAFT APPLICATIONS/GROWTH 

MID-60-S - 100-200 POUNDS 

LATE 60's - INTELSAT I II - 300-3SO POUNDS 

HID-70'S - INTELSAT IV - 1,500 POUNDS 

EARLY SO'S - INTELSAT V - 2,000-2,200 POUNDS 

1986 - INTELSAT VI - 4,000-4,400 POUNDS 

EARLY 90'S - INTELSAT VII - 9,000-12.000 POUNDS* 

* PER LETTER FROM INTELSAT 



'Letters, Intelsat to NASA, dated 3 August 1981, N.J.fl. Chitre to 
Or. Hans Hark; COMSAT Satellite Television Corporation to MA5A, dated 
7 August 1981, L. Keane to Or. Hans Mark; COMSAT General Corporation 
to NASA, dated 13 August 1981, B.I. Edelson to Dr. Hans Mark. 
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Table 4.1-1 and Figure 4.1-1 are a tabulation and graphical 
presentation of the historical and predicted growth of communications 
satellites since the launch of the first commercial ventures in the 
mid-1960's. Analysis of the tabulations clearly shows the trend 
relative to past and future spacecraft carrier requirements. These 
trends have in the past pushed the modification of the Atlas Centaur 
and Delta, to provide increased payload capability. It must also be 
recognized that growth in weight has been restricted in the late 
1970's and 1980 ' s by the need for dual compatibility, i.e., compatible 
both with STS and available existing ELV's while in addition, the 
growth of U.S. ELV's has been purposely limited because of phaseout 
plans. 

At this time there are no (other than TDRSJ commercial satellite 
companies planning to use the IUS. This is for several reasons. The 
cost uncertainties siake commercial use/planning difficult. The demon- 
strated capability that it is a functional part of the STS will not 
take place until late 1982. Assuming spacecraft development takes 
four years or more, should a spacecraft developer, at this time decide 
to fly on the IDS, his flight date would be late 1985 or early 1986. 
These uncertainties would tend to dictate that he find some other 
means to satisfy the "user" requirements i.e... continue with smaller 
highly complex and costly spacecraft and fly more of them or find 
another carrier vehicle. Intelsat is designing for the Ariane, at least 
through the Intelsat VI series, but prefers the larger spacecraft 
approach for long range planning. If the Centaur proceeds through 
development, Intelsat would probably plan earlier conversion to the 
higher STS capability. 

FIGURE 4.1-1 
HISTORICAL/FUTURE GROWTH MS 
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The area of spacecraft growth, i.e., physical size versus 
other nays of meeting increasing demands has received considerable 
thought and discussion. Increasing size can be relatively low in 
cost versus the cost to develop smaller, more complex components to 
fit into limited available dimensions to accomplish a specific task 
or mission, for example, insertion and placement accuracy and station 
keeping functions. The trade of increasing spacecraft size, i.e., 
propellant tanks, for greater placement accuracy may be more econo- 
mical than designing and procuring complex, highly reliable avionics 
systems for the launch vehicle and/or spacecraft. But if carrier 
energy, i.e., launch vehicle/upper stage capability, is limited, then 
both the upper stage and the spacecraft must take the sophisticated, 
expensive route of costly avionics systems to achieve final placement 
accuracy. The reliability, relative to useful life, is also affected. 
A spacecraft with twice as much propellant as another, other systems 
being equal, can obviously maneuver and remain stable relative to 
position longer than one with half the capacity. It also provides 
flexibility to better accommodate changes in position to maximize 
services. The trend to larger spacecraft in the future in order to 
decrease cost, extend life, and expand services can only be accom- 
plished through compatible carrier growth. The cost impact of lack 
of spacecraft growth, as shown in Figure 4.1-1, in 1975 and extending 
into the indefinite future is impossible to estimate, The remedy 
however, is to eliminate as much as possible, carrier requirement 
restrictions, and permit spacecraft developers to determine coipetitively 
spacecraft services, weight and size requirements. 

A recent analysis by Battel le, Columbus Laboratories* reveals 
that the geosynchronous arc appropriate for commercial satellites is 
becoming crowded, in a radio frequency (RF) sense, and strong compe- 
tition exists for scarce "slots" (World Administration Radiation 
Conference-WARC, (lorth-Soiith competition). The demand for geosyn- 
chronous transponder capacity is strong (no unleased capacity and a 
"Futures Market" is taking place). "De Facto" larger satellites are 
being created by relocating existing satellites in one location 
(Comstar, ANIK-A) and in some current locations services and users 
are beginning to coalesce. 



*Report, COMMERCIAL USE OF SHUTTLE/CENTAUR Battel le, Columbus 
Laboratories, dated August 18, 1981. 



These platforms "ill require high energy upper stages for 
delivery. The Battel le analysis also indicated that coiwercial space- 
craft designers require 4-5 years time between design initiation and 
flight. As they design to launch vehicle capability, this means that 
designers of early !990's spacecraft wf 11 use what exists in the mid- 
!9G0's relative to upper stage capability. A recent study performed 
by the AIM** for The White House, substantiates most of the Battelle 
study results. 

In order to establish a figure of merit on how other launch 
vehicle developers see the payload growth requirements versus carrier 
requirements, the Ariane growth plan was examined and is shown in 
figure 4.1-2. Ihis curve, i.e., essentially an exponential growth, 
is'significant to consider, especially when it must be recognized 
that the growth plan requires a considerable investment of funds. 
The Ariane planned growth curve substantiates U.S. data relative to 
expected spacecraft requirements in the late 1980's and early 1950's. 



ARIANE PUNNED GROWTH 
GEOSYNCHRONOUS ORBIT 




V- 8,500 US' 
IV - 5,200 LBS 



III - FUN0E0 
II - (1983) 



■MID-1981 PUNS INDICATED ARIANE V Of 7,000 US 
TO GEOSYNCHRONOUS 08BIT. CURRENT ESTIMATE 
BASED ON ARIANE IV PLANNED CHANGES, WHICH 
INDICATE ARIANE V CAPABILITY Of APPSOXIMATIEY 



"Report; Projection of Non-Federal Demand for Space Transportation 
Services Through 2000-An AIAA Assessment For The Office Of Science 
and Technology Policy, The Unite House; dated 19 January 1931. 



NASA advanced study results over the past few years have also 
projected the need for heavy lift capability. For example, large 
space structures have been studied in detail. Materials technology 
makes such payloads now practical for the late 80's. Such payloads 
require upper stage performance with low thrust capability to prevent 
structural damage from excessive acceleration. Projected longer 
range plans require the transfer of sen between low and high earth 
orbits in the mid-to late nineties and past the year 2000. 

The most demanding future mission requirement is the "manned 
GEO sortie," in the mid-90's. For this mission there would be a 
capsule attached to an OTV in which there would be a crew of two and 
supplies for about a week's stay at GEO. Additional equipment may be 
needed, depending on the task undertaken (such as repair of a faulty 
communications satellite). The minium weight of capsule and crew 
would be in the order of 10,000 pounds and it may be as much as 13,000 
pounds for a practical replenish/repair mission in which several GEO 
satellites are serviced. Space basing of a large OTV may be required 
to accommodate such missions. 

The collective trends illustrated as a result of the current 
analysis of earth orbiting payload requirements show that in the late 
SO's, a need will exist to deliver payloads greater than 5,000 pounds 
into geosynchronous orbits and that the existing vehicles of the 
1980's will determine the spacecraft designs of the late I980's and 
the early 1930 ' s . The results also indicate that geosynchronous 
spacecraft development/growth rate was slowed considerably during the 
last decade. Should a higher performance vehicle become available at 
affordable per flight cost, by 1985, spacecraft requirements will 
grow, and effectively utilize the carrier capability in the late 



4.1.3 PL.AJ1ETART PROGRAM REQUIREMEHTS 

4.1.3.1 Introduction 

The selection and provision of upper stage capability for 
escape from low earth orbit are critical to solar system exploration. 
This section sunmarizes NASA's requirements of Shuttle upper stage 
options with regard to the future of planetary and solar exploration. 
The companion subsection of Section 5.0 assesses the impact of each 
upper stage option under consideration. 

Factors influencing the selection and development of new pro- 
pulsion systems include capability, availability, cost, and interface 
compatibility. We assume here that all proposed upper stage options 
are, by design definition, compatible with Shuttle Orbiter constraints 
and will be available on schedules stated elsewhere in this report. 
The cost trades between the various stage options are addressed else- 
where in this report. Specifically considered here, then are the 
capability and availability of the upper stage options as they affect 
approved and planned solar system exploration, 



Interplanetary missions are particularly sensitive to propul- 
sion capability since it dictates the flight path the payloads must 
travel to their destinations. The design of these missions usually 
begins with the use of "optimum" trajectories which reach the target 
destination at specified times (and locations) with minimum additional 
spacecraft propulsion capability. Once the upper stage capability 
and availability are factored in, however, trajectory adjustments 
must usually be made to "recapture" the mission- These adjustments 
often result in constraints or degradations to the original mission 
design expressed in terms of (1) added trip tine, (2) more launches 
{i.e., the payload must be split into two parts tc match upper stage 
capability), (3) deferred launches {an acceptable upper stage isn't 
available jet), (4) use of specific launch opportunities (low-energy 
gravity-assisted trajectories with increased risk must be used), (5) 
the addition of higher energy spacecraft propulsion to shift energy 
requirements away from the upper stages, end/or (6) reduction in 
mission objectives, and associated hardware or energy requirements, 
to stay within available upper stage capability. All of these consi- 
derations are used in this assessment of Shuttle upper stage options. 

Beyond the concern for meeting upper stage requirements 
of current approved aissions, selected stage capability will strongly 
influence the future direction of solar system exploration. A brief 
assessment was performed to determine the degree of impact stage 
selection might have on the exploration program over the next twenty 
years. For this purpose a group of ten mission objectives, repre- 
senting anticipated accomplishments from 1985 to 2000, was defined as 
a "reference" mission set. This set of objectives is as follows: 

1. Galileo Jupiter Orbiter and Atmospheric Probe 

2. international Solar Polar Mission (ISPS) - (ESA Spacecraft) 

3. Venus Orbit imaging Radar Mission 

4. Asteroid Multi-Rendezvous 

5. Short-Period Comet Rendezvous 

6. Mars Geochemical Orbit Happing 

7. Mars Surface Network Science 

8. Mars Sample Return 

9. Saturn Orbiter with Atmospheric and Titan Probes 

10. Atmospheric Probes or" Oranus and Neptune 



Apparent in the list, is the fact that the first three objec- 
tives represent the present base of missions in NASA's approved 
program for solar system exploration. Beyond the currently approved 
missions, the set includes two small body rendezvous missions to 
explore several asteroids and to explore a short-period comet. Three 
missions to Mars represent a continued interest in the inner planets. 
They include global geochemicai mapping and selected surface investi- 
gations (network science) as precursor objectives to a sample return 
mission. For the outer planets, a Galileo class orbiter to Saturn is 
included with entry probes for the planet and its satellite Titan- 
Two reconnaissance objectives to probe the primordial atmospheres to 
Uranus and Neptune complete the list. It nust be emphasized that 
this "reference" set of mission objectives is not a proposed 20-year 
program for exploration. Rather it is thought to be representative 
of solar system exploration activity in the remainder of this century, 
and therefore is used to assess the impact of Shuttle upper stage 
capability on such exploration. 

In the subsections which follow, en overview of upper stage 
requirements is presented first in the familiar terms of (injected) 
payload mass and escape energy. The specific impacts of the consi- 
dered upper stage options on the three currently approved solar system 
exploration missions, i.e., Galileo, ISPM, and VOIR, are then addressed 
in Section 5.2.2. Finally, the broader scope of exploration capa- 
bility over the next 20 years was examined considering each upper 
stage option individually, with and without SEPS (Solar tlectric 
Propulsion Stage), and the results are presented in Section 5.2.2. 

4.1.3.2 Overview of Upper Stage Requirements 

Earth escape propulsion capability is cowjnly expressed in 
terms of the amount of mass (payload) which can be delivered by an 
upper stage to a specified escape energy (C3 which equals (Km/Sec) 2 ). 
The escape energy parameter, C3, is the square of the excess velocity 
leaving earth and is a direct function of the upper stage impulse, 
the orbit at which the impulse is made, and the earth's gravity. At a 
C3 value of zero the payload barely escapes the earth's gravity, and 
will not leave the earth's heliocentric orbit in the solar system. 
For positive values of C3, interplanetary flight becomes possible. 
Negative values of C3 are possible and indicate that the upper stage 
has added insufficient energy to the payload for earth escape. If 
the payload itself includes propulsion capability, however, it may 
still be capable of escape. In these instances the payload is said 
to include a "kick" stage to affect the final impulse necessary for 
escape. 

To establish quantitatively escape performance requirements to 
measure against upper stage capability, a graphical format of injected 
mass (escape payload) and injection energy (C3) is used. This format 
is presented in Figure 4.1-3. Within the figure, four regions are 
shown which bound the upper stage requirements of (1) inner planet 
missions, (2) comet and asteroid missions, (3) outer planet missions, 
and (4) solar missions. These regions assume a ballistic flight mode 
(i.e., interplanetary coasting) and include most of the solar system 
exploration missions presently under consideration. 



There are, however, a few missions, e.g., multiple asteroid 
rendezvous, not included in Figure 4.1-3, and a number of others 
shown within the regions of 4.1-3, which require soecial launch 
opportunities and/or intermediate planetary swingbys. Figure 4.1-4 
shows how the additional use of low-thrust interplanetary transfers 
using SEPS affects the size and content of these regions. Each of the 
original four ballistic regions is smaller in injected mass (vertical 
axis in Figures) extent, this being the consequence of removing 
propulsion-intensive missions from them. The fifth region in the 
upper left-hand corner of the figure contains all the low-thrust 5EPS 
missions. 

FIGURE 4.1-3 

PLANETARY ENERGY-REQUIREMENTS 

WITHOUT SEPS CAPABILITY 




Comparing Figures 4.1-3 and 4.1-4 it is seen that the inclu- 
sion of SEPS reduces the payload requirements of the three higher 
energy mission regions which reduces the demand on upper stage perform- 
ance. Without elaboration, SEPS also enables missions (e.g., single 
launch multiple asteroid rendezvous) and frees others from unique 
launch opportunities (e.g., Mercury and Saturn orbiters). In sonmary 
these advantages result from .splitting the ballistic escape-energy ' 
requirements with SEPS which delivers seven to ten times more imoulse 
per pound of propellant than the chemical upper stages. 



Relative to schedules and firm mission requirements, the Galileo 
is an approved mission and is currently funded and scheduled for 
launch in April 1985 on the Centaur STS. The design of the spacecraft 
hardware is essentially complete and any delays caused by carrier 
availability and/or carrier performance capability would drive the 
cost up considerably. These aspects are addressed later in the report 
in the assessment section. 

The ISPM mission is an approved mission for 1986 whereby ESA 
is providing the spacecraft and the U.S. is providing the trans- 
portation system. This is considered a firm committment with the 
U.S. government by ESA and any further delay or impact relative to 
accomplishing the transportation requirements could be detrimental to 
future U.S. /foreign joint space/scientific ventures. ESA is currently 
planning spacecraft interface compatibility with the Centaur STS. 

The VOIR mission is planned for 1988. The energy requirements 
can most efficiently be met with a cryogenic upper stage. The 
assessment of launch alternatives in section 5.2.2 provides detailed 
assessment data relative to performance satisfaction. 



PLANETARY ENERGY REQUIREMENTS 
WITH SEPS CAPABILITY 




4.2 OOP UPPER STAGE REQUIREMENTS 

4.2.1 INTROMTIOJ 

The requirements for upper stages to support DOD missions are 
strongly influenced by the nature of defense space satellite missions. 
The defense space satellites represent a wide variety of mission 
types and orbits which are, to varying degrees, critical to the defense 
and, therefore, the survival of the United States. In addition, each 
of the defense spacecraft programs has a mission that is of a continuing 
nature. The technical requirements which each spacecraft program 
must satisfy are influenced by the Soviet threat so that the technology, 
and therefore, the spacecraft configuration (size and weight) Bay 
vary over time. In general, programs are implemented by having periodic 
"block changes," (a block change is a major increase in spacecraft 
capability) with intervening evolutionary changes which tend to cause 
slow growth in spacecraft weight and capability until a major mission 
requirements change results in another spacecraft block change at a 
later time. Those defense space programs requiring an upper stage are 
currently preparing for their transition to the Space Transportation 
System/Intertial Upper Stage. Many programs have taken advantage of 
the STS opportunity in order to undergo a mission block change which 
has resulted in significantly larger and more capable spacecraft than 
have hitherto been employed. The discussion of specific defense space 
programs and their missions has been excluded from to this report. 
That information is available to those people with the appropriate 
security clearances and a specific "need to know." 

4.2.2 SHUTTLE CAPABILITIES AMD CONSTRAINTS 

The Space Shuttle offers many new and unique capabilities 
which promise to fundamentally alter- the nature of defense space 
activities. These Shuttle capabilities, when combined with the 
continuing operational objectives discussed in the preceding para- 
graph, can be used to enhance the overall probability of mission 
success for defense spacecraft programs . Specifically, this means 
using the Shuttle capability to support spacecraft and upper stage 
checkout prior to release; using the Shuttle on-orbit loiter capability 
to support a release later in the mission; or when necessary, using 
the Shuttle abort capability to return with the spacecraft and upper 
stage. This approach leads to mission planning based on the launch 
scenarios as shown in Figure 4-2-1. Secause of the mission and cost 
impacts of delays in launch and deployment, the Air Force has expended 
considerable effort to maximize the chances for a successful deploy- 
ment on the first flight, but with careful consideration to the 
ref light if an abort landing should occur. The upper stage requirements 
discussed in the following sections will be heavily influenced by 
these considerations. 
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Shuttle constraints also must be considered in system design 
and operation. For example, the Orbiter nayload bay volume is a 
major constraint; 60 feet is an absolute maximum and it oust accomo- 
date both the spacecraft and its upper stage. Shuttle payload weight 
limits (65,000 pounds to a 28° inclined orbit) will become a sicni- 
ficant constraint for higher energy upper stages since propeliant 
weight {which is the bulk of the upper staae weight) crows rapidly 
with increases in performance capabilities" This limit is a signi- 
ricant factor in evaluating the upper stages in this report. Over 
the longer term, the Shuttle weight constraint will need to be eased 
by increasing Shuttle performance, by using new orbital transfer 
techniques such as solar-electric propulsion, or by joining the space- 
craft and upper stage on-orbit with two Shuttle flights. Indeed, a 
combination of these techniques will probably be needed to meet 21st 
century requirements. 



4.2.3 



) STUDY APPROACH 



The 00D upper stage requirements analysis has been conducted 
on a qualitive basis; a more definite, quantified approach could not 
be accomplished in the time available for this study. The wide range 
of potential options makes a highly quantitative approach extremely 
difficult, if not impossible, since it is unclear what mix of payload 
programs would be assigned to any specific upper stage. The upper 
stage requirements are still a complex set, and it is necessary to 



consider each requirement essentially independently from the others 
in order to assess the various upper stage candidates. In reality, 
the requirements are interactive with each other, vary in criticality 
based on the spacecraft programs assigned to a specific upper stage, 
and can change significantly if a different technical solution is 
found to a particular problem. Given these limitations, the Air 
Force has performed as rigorous an assessment as possible. 

The Air Force conducted a detailed survey of all operational 
defense spacecraft programs and asked then to specify their upper 
stage requirements using the format shown in Figure 4.2-2. In each 
case programs defined their requirements as "firm" (i.e., necessary 
to support budgeted program activities) or as "desired" (unconstrained 
by budget, but based on the program manager's judgement as to how he 
could best fulfill his mission objectives). Each spacecraft program 
prepared an assessment in the format of Figure 1.2-2. The opera- 
tional spacecraft program requirements have been accumulated into a 
single set of upper stage requirements and are shown in Figure 4.2-2. 
The specific requirements and their rationale will be discussed later 
in this section. It is essential to satisfy the firm requireients 
levied on the upper stage by these operational 00D payloads since 
they represent existing mission;; we must also consider the desires 
(Figure 4,2-2, Column 3) of these programs since these often become 
funded, firm, requirements at a later time. 

The Air Force also performed an assessment of advanced program 
concepts. Generally, these represent ideas for potential post-1990 
DOD missions which have only received limited study and which are 
limited to a relatively simple concept definition and first order 
estimates of the payload size and orbits required in order to conduct 
missions of this nature. Such an advanced concept might include the 
use of a maneuverable vehicle to repair defense spacecraft in various 
orbits. The upper stage requirements for selected concepts are shown 
in Figure 4.2-3. This shows the implications that such missions, if 
approved, might have on defense upper stage requirements in the I990's 
and on into the 21th century. These concepts are used primari ly as 
a "boundary condition" check in terms of upper stage selection; that 
is, as a means of assessing whether any given upper stage option 
could logically grow to satisfy such needs or whether it would reach 
its limitations before it could satisfy these long term requirements. 
These long term requirements might help choose the appropriate path 
to follow in the near term. 

In addition, we have considered other factors not directly 
related to mission per se— such as the possibility of operational 
contingencies where only one of the two Shuttle launch sites is 
available— and have attempted to apply some experience and judgement 
to our long term projections. 



4.2.4 POD UPPER STAGE REWIHEHEHT S 

In this section we define, and briefly discuss the rationale 
for, each of the upper stage requirements shown in the left hand 
column of Figures 4.2-2 and 4.2-3, He also present a summary of 
those requirements as a function of tine over the rest of the 20th 
century. 

Performance requirements: These include the payload weight 
placed in final orbit and the accuracy with which it is placed there. 
All requirements in this section are presented in "geosynchronous 
equivalent" performance. 

Currently approved and funded 000 operational space programs 
require 5,000 pounds placed in a geosynchronous orbit (that is, an 
orbit such that the spacecraft stays at a point OKr the equator). 
Projections of firm requirements for operational defense programs 
indicate this requirement will grow to 5,500 pounds in the late i980's. 
Furthermore, these operational D0D programs would like to have a 
capability of 5,500 pounds in 1987, growing to 6,200 pounds in 1938, 
with at least one program projecting a block change (with a spacecraft 
potentially weighing 8,000 pounds) in 1990. Payload weight in final 
orbit is the most important discriminator between stages; limited 
weight capability can force mission limitations or increase spacecraft 
cost to implement weight reduction programs. 

The accuracy at which the spacecraft is placed in its final 
orbit includes its position (or precise location), the residual 
velocity at that point in space, and its inclination (the angle the 
orbit makes the equator). Operational payload programs are showing 
requirements for placement accuracies approximate^ twice as good as 
the specification requirements levied on current stages; these tighter 
requirements are reflected in Figure 4.2-2. Placement accuracy is an 
extremely important parameter since errors must be overcome by using 
spacecraft propulsion capability. The greater spacecraft adjustment 
needed the greater the impact on the ultimate on-orbit life of the 
spacecraft. Hence, there is direct relationship between placement 
accuracy and spacecraft life, and increased spacecraft on-orbit life 

"ates directly into both increased operational effectiveness ano 
ower program costs for each spacecraft program. There is an inter- 

i between injection accuracy and payload weight capability of 
:he upper stage in that excess payload weight capability can be used 
:o provide additional spacecraft propel lant for orbit adjustments 
and— to some degree— reduce injection accuracy requirements. 

Operational requirements: In addition to the critical perform- 
ance requirements, the nature of defense space programs results in a 
number of additional operational requirements which must be considered 
in development and deployment of an upper stage. The Shuttle, with 
its flexibility and its payload return capability, opens a totally 
new approach to planning and executing operational space launches. 
The upper stage design must take this into account and much of the 
following discussion builds on these objectives. 
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Reliability requirements are based on a 96 per cent probability 
of launch success. High reliability is extremely important in reducing 
the number of spacecraft lost due to launch failure. Each spacecraft 
lost results in some degredation of capability - ranging from tolerable 
to catastropic. Consequently, m attempt to minimize the loss of 
critical operational spacecraft at launch and thus minimize the period 
in which the operational spacecraft capability is lost. The goal of 
maximizing launch success is achieved by a combination of high quality 
components and redundant systems. The effects of this approach goes 
beyond the increase in "calculated" reliability (which is based upon 
the reliability of individual components). Figure 4.2-4 illustrates 
the benefits; eleven earlier launch failures (5 Transtage and 6 Centaur) 
were analyzed based on the cause of failure. A redundant system 
would have resulted in eight of those eleven failed launches being 
successful. Further, the average cost of defense spacecraft, combined 
with their launch cost, ranges from a low of approximately S200M per 
flight to a high of perhaps S40QH per flight (in FY 81 S). The varia- 
tion in cost is due to the differences in the cost of individual 
spacecraft, which range from a low of about S10QM to a high of about 
S300M each, the balance is made up of launch related costs (Shuttle 
flight charge, upper stage buy, integration and launch services). 
Consequently, there are significant economic benefits in addition to 
the operational benefits, of maintaining a high probability of launch 
success- 
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The requirement for adaptive guidance is based on an accumu- 
lation of factors including the multiple types of orbits required for 
the range of defense spacecraft and the opportunity presented by the 
Space Shuttle to allow two or more chances for deployment and a success- 
ful mission should the initial planned deployment not be possible for 
some reason. Consequently, in order to simplify the operational use 
of an upper stage, and to minimize future software changes, a relatively 
generalized guidance scheme is needed. This range of requirements, 
while it can be mechanized in other ways, is important to meeting all 
defense requirements efficiently over a long period of time. 

Load alleviation systems are an essential element for a defense 
upper stage using the Space Shuttle. This enables the spacecraft, 
some of which have relatively fragile structures, to survive both 
launch and abort landing loads. This insures that the spacecraft is 
available in a short time after an abort for reflight to meet its 
operational requirements. Further, each mission not lost due to an 
abort represents a considerable progranraatic savings, ranging frcn 
SZOOM to S400H (including spacecraft savings of S100M to S300M). 

Defense upper stages must be capable of remaining in the Orbiter 
bay for up to seven days prior to deployment. This takes advantage 
of a new opportunity presented by the Shuttle so that, if the original 
planned deployment is not made, the upper stage will be capable of 
remaining in space with the Orbiter and the spacecraft up to the 
limit of the Orbiter capability — which is now seven days. In this 
way we maximize the number of possible opportunities to successfully 
deploy the mission, thus preventing the need for a return, landing, 
refurbishment, and reflight. This has the effect of providing the 
spacecraft in operational use earlier than it would be available 
should an abort have been required, and eliminates the cost asso- 
ciated with an abort and reflight. 

Available payload length is a critical factor for a number of 
defense missions which have spacecraft whose length approaches 42 
feet, allowing only 18 feet of the Shuttle payload bay for an Upper 
Stage and deployment mechanisms. Several payload programs have 
mission and technical requirements which could not readily be 
satisfied with current technology (or without a significant increase 
in development costs) if payload space were severely curtailed. Thus, 
the physical length of an upper stage is a critical factor for 
defense missions. 

Defense spacecraft operate in a widely varying range of orbits. 
For example, geosynchronous orbits provide unique opportunities for 
worldwide communications and 12 hour elliptical orbits provide a 
unique capability for conducting communications in polar regions 
which are not accessible to geosynchronous satellites. Defense 
missions employ these orbits, as well as others, as an essential 
means of meeting their mission requirements. Thus the upper stage 
must be capable of deploying spacecraft at any desired location. 



The capability to conduct predepbyment checkout of the space- 
craft and upper stage represents yet another unique opportunity provided 
by the Space Shuttle. This checkout is conducted in the Shuttle bay 
prior to release of the spacecraft/upper stage combination. If the 
spacecraft has failed in some substantial way during the Shuttle 
ascent phase of the flight it is possible to return and repair the 
spacecraft for another launch thus preventing the complete loss of a 
valuable spacecraft and the loss of its operational capability. 

Defense spacecraft require specific upper stage services such 
as telemetry, power, and limited commanding capability in order to 
conduct the predeployment checkout, to otherwise ensure that spacecraft 
is healthy, and provide an opportunity to recover the spacecraft. 
This requirement comes from several sources; the NASA desire to wain- 
tain simple Shuttle interfaces, the DOD desire to make Shuttle transi- 
tion as easy as possible for the spacecraft programs, and the need to 
provide a backup expendable launch vehicle capability during Shuttle 
transition. Consequently, all DOD spacecraft using an upper stage 
are configured such that they have no direct interface with the Shuttle 
Orbiter. All spacecraft services are provided by the upper stage 
which also provides all interfaces to the Orbiter. These services 
are another important element in taking advantage of the opportunities 
provided by the Space Shuttle. 

The ceoability to provide long term on-orbit storage of an 
upper stage is not currently a part of defense mission requirements. 
However, several programs have analyzed this technique as a means of 
protecting against possible Shuttle outages Or groundings. indesiS, 
one program elected to employ an integrated propulsion system with a 
secondary reason being the desire to avoid having the upper stage 
provide an electrical power system capable of indefinite on-orbit 
storage. Current "defense missions involve the launch and deployment 
of a satellite which takes place in a relatively short (hours as 
opposed to days or weeks) period of time. An upper stage containing 
storable propellents, and long life electrical power, would have 
benefits for high energy maneuvering should it be required after a 
long period on orbit as a means of threat avoidance. 

Spacecraft recovery is not a requirement of current high alti- 
tude defense programs. High altitude spacecraft using an upper stage 
have very long lives {from about three to seven years), and st the 
end of their useful operational lives are of relatively limited 
mission value and are replaced by spacecraft with significantly greater 
technical capabilities. Further, the cost of launch and recovery is 
a large percentage of the spacecraft cost. Consequently, current 
high altitude missions do not find spacecraft recovery operationally 
or economically attractive. Over the long term, however, as larger 
and more complex systems are deployed and maintained for an extended 
period of time, recovery of these spacecraft may become more economical. 

Multiple upper stage engine starts for the purpose of on-orbit 
maneuvering (other than for deployment of the spacecraft into an 
operational orbit) are not currently required by defense space pro- 
grams. However, as spacecraft survivability considerations become 
more important, this capability could also grow in importance. 



A number of defense missions have a requirement for wide 
variation of potential orbit positions. This is known as "large 
mission box." This has the effect of plac^g significantly greater 
demands on the guidance system for the upper stage and on the opera- 
tional process of planning and conducting spacecraft launches since 
the precise launch target will not be defined until very near the 
launch date. 

Launch call-up is required for a number of defense missions 
because of the essential need to maintain a continued on-orbit capa- 
bility. Should sudden failures occur in operational spacecraft it is 
necessary to bring a new spacecraft through final processing and 
launch in a short period of time. Failure to do so could seriously 
jeopardize our national defense by allowing critical defense space 
capabilities to be lost and thus have large coverage gaps for an 
extended period. 

Some defense spacecraft programs require the deployment of 
multiple satellites on a single launch. This also results in reduced 
spacecraft program costs by distributing launch costs over a larger 
number of on-orbit satellites. 

No current operational defense program requires the ability 
for the upper stage to rendezvous with the spacecraft once it has 
been deployed in orbit. This rendezvous capability may have long 
term potential for future missions. 

Other requirements: In addition to the performance and opera- 
tional requirements discussed above, a number of other significant 
demands are placed on the upper stage design. 

Three axis stabilization, (the ability of the stage to maintain 
a fixed orientation in space without spinning) is essential for the 
launch of most defense satellites. This stabilization approach gives 
the spacecraft designer considerably more freedom in configuring his 
spacecraft to handle the significantly different demands of launch 
and on-orbit operations, and that results in a significantly lower 
cost to develop the same operational capability. 

A capability to restow the spacecraft/upper stage combination 
in the Shuttle bay is essential to take full advantage of the Shuttle 
opportunity for recovery and ref light of a failed mission. If a 
restow capability is not designed into the system, an u spacecraft 
deployment cannot be accomplished after the spacecraft is erected, 
then it would be necessary to abandon the spacecraft and upper stage 
in order to close the orbiter bay doors prior to reentry. This would 
result in the loss of a valuable spacecraft and upper stage. 

The Shuttle park orbit currently is planned as a 150 nautical 
mile circular orbit. This provides a firm baseline from which all 
spacecraft and upper stage designers can work. A higher Shuttle park 
orbit is not part of the current program baselines. However, the 
higher park orbit has the potential— by more efficiently using the 
Shuttle energy—to increase the Ray load ultimately placed in final 
orbit without any modifications to the payload, the upper stage, or 
the Shuttle itself. 

42 



4.2.5 POD REqulRjHENTjjjJMHARY 

A review of the requirements for operational defense space 
programs and for conceptual post 1999 defense missions (as shown in 
Figures 4.2-2 and 4.2-3) allows us to draw several conclusions. 

Operational defense space programs {Figure 4,2-2) have indicated 
a need for all of the capabilities which are part of the current 
baseline specifications levied on the Inertia! Upper Stage when used 
in the Space Shuttle. Further, no spacecraft program has indicated a 
requirement for any capability not currently included in the DflD 
upper stage requirements Such as long term on-orbit storage, multiple 
burn, or rendezvous. Defense space programs have stated a require- 
ment for higher orbital injection accuracies than current specifications 
demand, and also project firm growth to approximately 5,500 pounds by 
1987 based upon their currently funded (approved and planned columns 
in Figure 4.2-2) program activities. 

These operational programs also project the possibility, although 
not currently in the program funding, of growth to approximately 
5,800 pounds by 1987, to about 6,200 pounds in 19S3, and with the 
potential for 8,000 pound spacecraft in geosynchronous orbit in 1990, 

As space systems become increasingly vital to our defense 
effort, we must also consider the potential need for contingency 
launch operations in which only one Shuttle launch site is Opera- 
tional. In wartime, or other national emergencies, we could launch 
selected missions from either the Kennedy Space Center or Vandenberg 
AFB. In particular, since all our upper stage operations are at 
Kennedy, all the defense missions discussed in this report are normally 
launched from Kennedy, If sufficient energy were available both from 
the Shuttle end from the upper stage, we could launch high altitude 
defense missions from Vandenberg AF3. 

The conceptual post 1990 defense missions (Figure 4.2-3) show 
dramatic growth in payload weight combined with extremely high energy 
orbits. Payload weight can be expected to grow to perhaps ten times 
current levels, and be combined with extremely high altitude orbits. 
This will place extreme demands on the launch systems, driving them 
to maximize their efficiency and performance. Such missions are well 
beyond the capability of any existing or planned upper stage and 
might even require, in addition to a large upper stage, the possibility 
of on-orbit rendezvous of the upper stage and payload, the use of a 
solar electric propulsion system to supplement the chemical propulsion 
upper stage, an increase in space shuttle weight capability beyond 
65,000 pounds, or new launch vehicles larger than the Shuttle, in 
addition, these missions also show in some instances where it may be 
desirable to have storable propellents in an upper stage and where 
spacecraft recovery, upper stage engine restart, and multiple 
rendezvous capabilities would clearly be needed. Consequently, the 
demands on the next generation of upper stages will be significantly 
greater than those placed on the current generation. 
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5.0 UPPER STAGE ASSESSMENT 

5.1 INTRODUCTION 



Op to this point in the report, which followed the study sequence 
of events, the basic requirements or national needs of spacecraft 
developers, satellite users, etc. have been examined for the near 
term and foreseeable future. With a reasonable understanding of the 
payload requirements, an assessment of payload requirements versus 
upper stage capabilities was conducted. 

5.2 IIASA ASSESSMENT 

The NASA requirements include earth orbiting and planetary 
requirements for 8ASA and tamercial Spacecraft. Section 5.2.1 will 
discuss the capability of the STS upper stage options for meeting 
earth orbiting needs and Section 5.2.2 will provide the results of 
the assessment of launch alternatives, including use of expendable 
launch vehicles, for planetary missions. 

5.2.1 HflSA ASSESSMENT - EARTH ORBITING MISSIONS 

As Section 4.1.2 discussed the earth orbiting mission require- 
ments, this area of the report will show a comparison of STS upper 
stage options as they relate to deliverable mass in geosynchronous 
orbit. 

Figure 5.1-1 shows a comparison of the mass to geosynchronous 
orbit for the primary STS upper stages. 

FIGURE 5.1-1 
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The IUS performance shown is for the current IU5 Two-Stage 
vehicle i.e. ..5,000 pounds to geosynchronous orbit. Growth capability 
does exist for the IUS, even though it is a solid propellant vehicle. 
The delivery of 6,000 plus pounds is possible with modifications. 
Growth to 8,000 pounds is also considered possible with moderate 
development complexity. Additional growth beyond that point is limited 
by shuttle lift capabilities. 

The storable propellant stage capability shown represents ths 
STS Transtage with a 4 tank STS configuration. This is a viable 
option, but future growth beyond the 8,000 pounds is limited by shuttle 
lift capabilities and would not meet requirements such as planned for 
Intelsat VII, i.e.-. 9,000 to 12,000 pounds into geosynchronous orbit. 

The Shuttle/Centaur as shown on the beroraph depicts the 
performance of the wide-body Centaur STS configuration as envisioned 
for ths Galileo mission in 1985. The low thrust missions maintain 
the saiE configuration with operation of the engine in an idle isae. 
The Centeor, although high in mission performance, would have to be 
codified extensively to provide Growth potential to an optimia OTV in 
the 1990's. 

The Centaur's high energy capability mold satisfy projected 
requirements sell into the I990's. Hith 4 years spacecraft development 
tiEE, the spacecraft designers could fly as early as 1989 should they 
require flight demonstration for assurance that the stage is available 
prior to beginning spacecraft development. Positive program backing 
end or other incentives may provide earlier confidence such that 
users may invest earlier and fly earlier. The Intelsat VI spacecraft 
is scheduled to fly in 1986 and requires 4,400 pounds into geosyn- 
chronous orbit. It is being designed to be cEi^ctible with the Ariane 
and the STS. In the STS it could fly on either the IUS or the Centaur. 

The IOTV, since it would be a new design, could have numerous 
new features, i.e.. redundant Guidance end Control Systems, a low 
thrust capability and dimensions optimized for the Shuttle. However, 
all these features would tend to add cost, reduce performance and 
increase schedule risk. With these features, our estimates indicate 
a development cost increase of about 50« more than the wide-body 
Centaur end s delay of 2-3 years in first flight. 

In suBiery, the Centaur will meet mission needs for the 
foreseeable future and could be available at least two years earlier 
than an IOTV. As Centaur is already a proven reliable stage, the 
commercial world may waive the flight demonstration as a requirement 
for beginning spacecraft design. However, NASA would have to continue 
to provide firm program funding corniritments for the Centaur STS, to 
provide the sound basis for early business investment in larger space- 
craft. Other benefits of the Centaur and/or IOTV such as low thrust, 
multiple burn capability, use of propellant off loading to maximize 
unique mission compatibility with the Shuttle, etc.. are also important 
considerations in favor of a liquid stage. 



The storable and solid stages are limited to the degree that 
uprating programs wold he required. Hone of these would lead to 
eventual OTV capability or provide experience which would be even- 
tually useful relative to development of an OTV capability. They are 
"dead ended" programs as far as STS growth is concerned. 

A cost benefits analysis was performed to show cost per pound 
to geosynchronous orbit with existing/planned systems. Figure 5.1-2 
displays some of the results. 

Results are that (1) the Centaur is not cost effective for 
currently designed payloads, i.e., spacecraft weights saall for 
compatibility with the ELV capability, (2) Centaur could be cost 
effective for some currently designed spacecraft if multi-spacecraft 
per launch were considered, (3) the Centaur would be cost effective 
for new future spacecraft where spacecraft weight growth is not 
restricted for dual conHstibility, i.e., ELV and SIS, end (4) STS 
cost/pound to geosynchronous orbit decreases rapidly with increasing 
upper stage perforaance. 
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The role of the United States' leadership in technology and 
its application to selection of an appropriate upper stage was discussed 
in considerable detail during the study. In review of foreign planned 
launch vehicles, i.e., ESA's Ariane, the Japanese H-l development, 
and China's launch vehicle efforts, it is obvious that foreign nation's 
upper stage technology and industrial base capability are advancing 
rapidly. The Ariane I vehicle has a cryogenic third stage (12,000" 
pounds of thrust] and the Ariane V will have a large cryogenic second 
stage. The Japanese are perfecting a cryogenic second stage which 
will have a specific impulse coaparable to that of the Centaur. This 
rapid advancement in foreign technology is being fueled by the already 
existing multi-billion dollar commercial spacecraft launch business. 

The cancellations or delay of the Centaur STS development, at 
this time, will eventually reduce the U.S. industrial base in cryogenic 
propulsion systems to a single co»pany, (lot only still the current 
technology end production capability for engines in the upper stage 
class no longer exist, but the domestic industrial base required for 
future advancement in cryogenic engines will he gfeatly impaired. 

in final assessment of earth orbital cosa-cial business require- 
ments, a timely cryogenic upper stage capability similar to that 
shich can be provided by the Centaur STS is justified if the United States 
is to oaintein competitive status. 

A developsent cosplexity end schedule risk factor analysis was 
also performed. Figure 5,1-3 provides a matrix view of the results. 
The major points considered are marked by an ellipse. The IUS is 
needed in 1982 by HASA for the TORS missions. The iUS two stage 
program is at the point in developed and production where risk are 
low. The Centaur program has been initiated with an existing solid 
data base. As it is a derivative of a highly successful prior 
development, the schedule risks are considered eoderate. The I0TV, 
being a new vehicle, would have a higher cosplexity factor and a 
greater schedule risk factor. Accordingly the availability date is 
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5.2.2 UPPER STAGE HISSiOW fiSSESSKEtiT FOR HAM PUttlETflR Y 

PROGRAM 

5.2.2.1 InLroduction 

Against the regions of solar system exploration mission require- 
ments developed in Section 4, specific upper stage options can be 
compared. This is done in Figure 5.1-4 comparing upper stage perform- 
ance curves against the four mission regions shown in Figure 4.1-3 
(The additional specific benefits of SEPS are treated in Subsection 
5.2.2.6 which addresses exploration performance requirements over the 
next 20 years). Five performance curves are shown for the following 
upper stage options: 

1. IUS 

2. IUS Star 48 kick 

3. IUS (Twin) 

4. Advanced Transtage/Delta 3920 2nd Stage 

5. Wide-Body Centaur 

6. 10TV 



FIGURE 5.1-4 

PLANETARY MISSION CAPTURE ABILITY 
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Also shown as a dashed curve is the performance of the expen- 
dable Titan III (34D)/Csntaur launch vehicle. Any mission whose 
injection point (i.e., injected mass and C3) fall's beneath an upper 
stage performance curve is "captured" by that upper stage. The aide- 
body Centaur (or equivalent I07V) is obviously the best performing 
upper stage option and would capture most missions in all four regions. 
Next best is the Advanced Transtage closely followed by the Titan II! 
(34D)/Centaur expendable vehicle. The IDS Star 48 is better than the 
lUS(Twin) at higher energies but not for the loser inner planet missions. 
For purposes of the subsequent impact analysis the difference at low 
energies »as not a discriminator. As a consequence, the performance 
of the IDS Star 48 was assumed. The IUS falls below all regions except 
half of the inner planets region. 

Also plotted in Figure 5.1-4, are the injection points for the 
three solar system exploration projects in the present MSA Five Vear 
Plan which are as follows: 

1. 1985 Galileo combined orbiter/probe mission 

2. 1986 ISPM-ESA Spacecraft mission 

3. 1988 VOIR with aorobraking mission 



The Galileo mission is only captured by the Hide-body Centaur 
(the 10TV is not available until 1987). The ISPH-ESA mission is 
captured by the 1US Star 18, Advanced Transtage, Hide-Body Centaur, 
and the expendable Titan III (34D)/Centaur. The VOIR mission with 
aerobraking would be captured by the Advanced Transtage, Hide-Body 
Centaur, I0TV, IUS Star 48 and the expendable Titan III (34D)/Centaur. 
A complete assessment of the possible upper-stage impacts on these 
three early Flight Projects is presented next. 

5.2.2.2 Assessment of Early Mission Alternatives 

The present NASA Five-Year Plan includes three Solar System 
Exploration Flight Projects which are Galileo, ISPM, and VOIR. The 
purpose of this discussion is to present the impact on these flight 
projects on upper-stage capability and availability and to assess the 
consequences of those impacts. The approach used in this assessment 
considers each project individually, presenting mission alternatives 
end comparing alternative mission characteristics to the current 
baselines. Results are then briefly siaaarized with respect to the 
upper stage options being evaluated in this study. 

5.2.2.3 Galileo 

He begin with the Galileo Jupiter orbiter and probe mission 
project. Six mission alternatives for Galileo are presented in Table 
5.2-1. Case I, a 1985 launch of the combined orbiter/probe payioad, 
arriving in aid-198? is the present Project baseline. It is a direct 
flight to Jupiter requiring no additional injection or deep-space 
propulsion and has full orbit capability of 11 encounters with Jupiter's 
satellites. As seen in Table 5 ; 2-I, it requires the wide-body Centaur 
upper stage for earth escape. This same mission could be launched 
with an I0TV with adequate performance. The earliest an WTV could 
be ready would be 1987 (Case 2). If an !OTV did not have Centaur's 
performance the Galileo mission would have to be split once again 
into two separate STS launches or launched on aA-VEGA trajectory— in 
either case project Galileo cost increases would be substantial. 

The next case is to split the mission (Case 3), launching the 
orbiter without the probe in 1985 on a A-VEGA trajectory and launching 
the probe with a newly procured carrier spacecraft a year later in 
June 1986. The orbiter must also be modified to include a payioad 
kick stage. The resultant performance is equivalent to the IUS Star 
48. The 11 satellite encounters are preserved but due to the launch 
delay, do not occur until almost three years later than the present 
baseline mission. 

The next two cases, (4 and 5) recombine the orbiter and probe 
for a single 1985 launch using theA-VEGA flight mode to reduce upper 
stage requirements. Preserving the 11 satellite encounters (Case 4), 
requires the Advanced Transtage {or the Titan III (340)/Centaur), but 
without any payioad propulsion changes. To capture the combined 
orbiter/ probe launch with the IUS (Case 5), not only requires the A- 
VEGA flight mode and a payioad kick stage, but also reduces mission 
capability to only six satellite encounters. 



Assuming an orderly SEPS procurement and development program 
the SEPS could be available in 1987. With the SEPS the IUS captures 
the baseline combined orbiter/probe launch and 11 satellite encounters 
using the Solar Electric with Earth gravity assist (SEEGA) flight 
mode (Case 6). The trip time is only a year longer but Jupiter arrival 
occurs more than three years after the 1985 baseline due to the 1987 
launch. 

TABLE 5.2-1 

SUMMARY OF GALILEO MISSION ALTERNATIVES 
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Significant tipper stage iapects on Galileo mission can be 
sunaarized as follows: 

1. Only the wide-body Centaur option preserves the 
present 1985 Galileo baseline mission. 

2. All other stage options defer Galileo results by 2-3 years 
and substantially increase project cost. 

3. Restricting stage capability to the IUS in 1985 requires 
additional post-stage propulsion development, lore launches, 
and/or reduced mission objectives. 



5.2.2.4 ISPM-ESA 

Two mission alternatives for the International Solar Polar 
Flight Project (ISPM) are presented in Table 5.2-2, each assuming 
only the launch of the ESfl spacecraft. Both assume a launch in May 
1986. Case 1, the baseline, assumes a Centaur launch. Case 2 with 
the IUS is captured... provided a kick stage is incorporated into the 
ESA payload or integrated with the stage (e.g., IUS Star 48). The 
injection conditions for either alternative preserve near-polar transits 
of the Sun as required by baseline science objectives. Using the 
Advanced Transtage or wide-body Centaur would obviate the need for 
the kick stage. 



TABLE 5.2-2 

SUMMARY OF ISPM MISSION ALTERNATIVES 
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5.2.2.5 VOIR 

Three alternatives were assessed for the VOIR Plight Project, 
all launched during the 1988 opportunity. These are presented in 
Table 5.2-3. Case 1 assumes full chemical payload propulsion at 
Venus for capture to low circular orbit required for radar mapping 
of the planet's surface. An eariy Type II launch allows the mapping 
mission to begin by mid-1988. Only the wide-body Centaur or I0TV 
capture this alternative due to the large amount of payload propul- 
sion which must be carried to Venus. Case 2 uses aerobraking in the 
upper Venus atmosphere to reduce orbit propulsion requirements and 
hence injected mass at Earth escape. A conservative aerobraking 
sequence ending in a 3-hour elliptical Venus orbit is used end forms 
the present baseline for this mission. A March 1988 Type 1 launch 
delivers the payload to the napping orbit after aerobraking about two 
months later than the all-chemical option. At least the performance 
of the IUS Twin, an Advanced Transtage, or the Titan III (340}/Centaur 
is required to capture this option. Case 3 is similar to Case 2 in 
that aerobraking is also used, but has been extended down to a final 
2-hour Venus orbit. While this entails more risk and complexity of 
flight operations, it also reduces the chemical orbit propulsion 
requirement. The consequent injected mass reduction is sufficient 
for this alternative to be captured by the IUS provided there is a 
payload kick stage added to the spacecraft. The mapping mission is 
also delayed a few more weeks to allow for the added aero braking. 



TABLE 5.2-3 

SUMMARY OF VOTRllSSION ALTERNATIVES 
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In sunaary, the baseline VOIR aerobraking mission provides 
aaple payload margin for either a wide-body Centaur or IOTV launch. 
It is also captured by the Advanced Transtage or Titan HI (34D)/Centaur. 
The all-chemical VOIR alternative, although captured by the wide-body 
Centaur (or IOTV), has little margin (52) for spacecraft propulsion 
development growth or upper stage degradation. Consequently, aero- 
braking is incorporated in the baseline mission design. The extended 
aerobraking option is acceptable and allows the mission to be captured 
by the IUS Star 4S with adequate margin. A strong preference for 
wide-body Centaur capability exists to avoid a launch deficient capa- 
bility as this project progresses. 

5.2.2.6 Option Assessment 

In addition to the basic Upper Stage capability, a number of 
options have beer, proposed and addressed in this study. This assess- 
ment considers the following options: 

1. Advanced Transtage with Delta 3920 second stage 

2. Hide-Body Centaur 

3. Interim Orbital Transfer Vehicle (IOTV) 

Each of these options is addressed with and without the addi- 
tion of SEPS (Solar Electric Propulsion Stage) as needed to perform 
the "reference" mission set. In this set, mission numbered 4, 5 and 
9 utilize the SEPS. The approach taken in assessing stage performance 
impacts on exploration was to first structure a program addressing 
all ten mission objectives around the preferred capability of the 
Hide-Body Centaur with SEPS augmentation. Then the missions within 
this program were redefined to accommodate the reduced capability/ 
availability of the remaining options, including the IDS, and the 
resulting changes (or impacts) were evaluated to determine a compara- 
tive degree of degradation associated with each performance reduction. 



2. number of launches to achieve the same objective, 

3. payload margin, 

4. extended trip time and/or more complex or extended mission 
operations 

5. necessary hardware to he developed, 

6. mission objectives accomplished. 

Launch opportunities to most solar system targets occur with a 
frequency of at least once every two years. Launch frequency is 
impacted by two stage-related factors: 1) inadequate performance, 
end Z) availability of the upper stage. The result, or impact, on 
program planning is one of reduced flexibility since missions become 
constrained to specific launch opportunities, if the upper stage 
performance is substantially degraded (e.g. !US vs. Hide-Body Centaur) 
it may also be necessary to split a larger high-energy mission into 
two smaller payloads thus doubling the number of launches, which 
results in the second impact given above. Every launch has an associated 
launch margin. Less capability means less launch margin even though 
it may not be necessary to split the payload or slip the launch date* 
Less launch margin will have a mission isnpact if payload growth during 
development exceeds available margin. 

The fourth stage-related mission impact is longer trip time 
and/or more complex flight operations required to reach the objective. 
This impact is especially critical for outer planet missions where 
very long trip times can result from inadequate stage capability. 
Poor upper stage performance can also result in the need for addi- 
tional payload hardware. This impact almost always occurs when a 
single payload has to be split into two launches, it also happens 
when a lower launch-energy trajectory must be used which requires 
more payload propulsion (e.g.A-VEGA deep space impulses) to reach 
the target. The final impact area given is the reduction of mission 
objectives. This is usually a last resort to solving upper stage 
performance deficiency, without losing the mission altogether. It 
means for example, eliminating an entry probe, reducing the number of 
asteroid targets or satellite encounters, or eliminating some of the 
science experiments to save weight. 

For the upper stage impacts analysis, then, each of the six 
impact areas was examined for each mission objective in the "reference" 
mission set. This was done for each of seven alternative stage options 
compared to the Wide-Body Centaur with SEPS "baseline" case. Impacts 
were categorized into two levels: 



1. Severe(S) - severe impact, schedule/Upper Stai 
or major performance degradation 



i availability 



2. Moderate(M) - possible impact or minor performance degradation 

The assessment results are presented in Tables 5.2-4 through 
5.2-12. dine mission objectives are listed along the left-hand side 
of each table; the two Mars precursor objectives have been combined 
into one mission opportunity since the Hide-body Centaur is capable 
of launching both spacecraft it once. Note that three of the nine 
mission objectives use SEPS augmentations when it is available. 

Table 5.2-4 displays the only launch vehicle alternative which 
satisfies fill planetary program requirements. ..the Wide-Body Centaur 
with SEPS augmentation. There are no impact areas and consequently 
this can be used to establish the reference capability. 
TABLE 5.2-4 
ASSESSMENT OF SOLAR SYSTEM EXPLORATION MISSION IMPACTS 

WIDE-BODY CENTAUR AND SEPS CAPABILITY 
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Table 5.2-5 presents the impact results anticipated with 
development of the Wide-body Centaur without SEPS augmentation. 
Clearly, only the three SEPS "reference" missions are affected. In 
the order of increasing performance impact, these missions are Saturn 
orbiter/probes, comet rendezvous, and multiple asteroid rendezvous. 
The summary across the entire mission model shown at the bottom of 
the chart indicates that about 20% of the areas are adversely affected. 



TABLE 5.2-5 
ASSESSMENT OF SOLAR SYSTEM EXPLORATION MISSION IMPACTS 
WIDE-BODY CENTAUR WITHOUT SEPS CAPABILITY 
COMPARED TO WIDE-BODY CENTAUR AND SEPS 
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Table 5.2-6 presents the results dnticipoted i 
of the IOTV am! SEPS augmentation. Here the issue is not one ot 
performance but rather availability- Severe impacts occur only on 
the first two missions, i.e. Galileo and lSPM. However, because the 
impacts cause launch opportunity delays not only would near-term 
costs grow, but any planned sequence of future objectives would, 
undoubtedly, also be effected. 

Table 5.2-7 presents the impact results anticipated with develop- 
ment of the IOTV without SEPS augmentation. These results are basically 
the same as the Centaur without SEPS option except for the near-term 
Galileo and ISPH missions for which the IOTV would not be available. 
Viewed against the entire "reference" mission set, the degree of 
major impact for IOTV without SEPS is about 171 compared to only 42 
when SEPS availability was assumed. 

Table 5.2-8 presents the impact results anticipated with 
development of the Advanced Transtage with SEPS augmentation. 
Although considerably less severe than those caused by having only 
the IUS, severe impacts again occur in the first mission i.e. Galilee. 
The schedule impact to Galileo is classified as "M" since the overall 
assessment of schedule indicates a moderate risk of delivering the 
Advanced Transtage in time for the Galileo launch in 1985. Host of 
the longer-term mission impacts occur in the form of less mass margin 



TABLE 5.2-6 
ASSESSMENT Of SOLAS SYSTEM EXPLORATION MISSION IMPACTS 

IOTV AND SEPS CAPABILITY 
COMPARED TO WIDE- BODY CENTAUR AND SEPS 
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TABLE 5.2-7 
ASSESSMENT Of SOIAR SYSTEM EXPLORATION MISSION IMPACTS 

!OTV WITHOUT SEPS CAPABILITY 
COMPARED TO WIDE-BODY CENTAUR AND SEPS 
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which, although judged of intermediate concern, is not at all comforting 
considering the preliminary level of definition which exists for 
these objectives, ihe summary at the bottom of the chart indicates 
that about one-fifth of the areas are adversely affected, split evenly 
between the "Severe and Moderate" levels. 
TABLE 5.2-8 
ASSESSMENT OF SOLAR SYSTEM EXPLORATION MISSION IMPACTS 

ADV TRANSTAGE AND SEPS CAPABILITY 
COMPARED TO YIIIDE-BODY CENTAUR AND SEPS 
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Table 5.2-9 presents the impact results anticipated with develop- 
ment of the Advanced Transtage without SEPS augmentation. Since this 
upper^ stage is considerably more capable than is the IUS, the adverse 
impact is not as severe but is still significant. Approximately 50% 
of the areas are unaffected relative to the "baseline" option. Severe 
impacts for the Advanced Transtage without SEPS has increased to 30!! 
coapared to only 14» when SEPS availability was assumed. 

Table 5.2-10 presents the impact results of attempting the 
"reference" mission set with present IUS capability with SEPS auoaen- 
tation. Every mission objective except ISPH has at least one severe 
impact with scse having as many as four. Fewer than half of the 
impact areas examined are unaffected by the lower IDS performance 
capability compared to the Uide-Sody Centaur. The imoacts are 
particularly severe on near-term objectives, i.e. Galileo, where 
mission designs have already evolved to maturity assuming much better 
performance capability. The summary at the bottom of the chart indi- 
cates that 441 of possible impacts would be severe with another Wt 
being of moderate concern. 



TABLE 5.2-9 
ASSESSMENT OF SOUR SYSTEM EXPLORATION MISSION IMPACTS 
ADV TRANSTAGE WITHOUT SEPS CAPABILITY 
COMPARED TO WIDE-BODY CENTAUR AND SEPS 
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TABLE 5.2-10 
ASSESS-VcNT Of SOUR SYSTEM EXPLORATION MISSION IMPACTS 

IUS AND SEPS CAPABILITY 
COMPARED TO WiDE-BODY CENTAUR AND SEPS 
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Table 5.2-11 presents the impact results anticipated with the 
use of the present 1US capability without SEPS augmentation. This 
upper stage option is a very poor performer against the "reference" 
mission set. Fewer than 30% of the impact areas are unaffected 
compared to the Hide-body Centaur with SEPS "baseline". The degree 
of areas severely impacted by use of the IDS has increased from 3% 
(with SEPS) to 57SS (without SEPS). In the case of the coaet rendezvous, 
no possible mission has yet been identified. Gue to purely energy 
considerations it is believed that no such mission exists. 

TABLE 5.2-11 
ASSESSM OF SOLAH SYSTEM EXPIOBATIOH MISSION IMPACTS 

IUS WITHOUT SEPS CAPABILITY 
COMPARED TO WIDE-BODY CENTAUR AND SEPS 
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A summary matrix of all these impact results is presented in 
Table 5.2-12. Here the "reference" mission objectives have been 
combined into two categories: 1) near-term program, and (2) future 
program. Each of the four upper stage candidates are listed across 
the top of the matrix. Comparative ratings are given both with and 
without SEPS augmentation. Recall that the "baseline" case for this 
comparison is the Wide-body Centaur with SEPS augmentation. Combina- 
tions of program category and upper stage option with no impact are 
obviously acceptable. Those rated "Severe" are unacceptable for the 
reasons outlined above. Those rated "Moderate" might be acceptable, 
depending upon more specific development of future exploration plans. 
Only the Wide-body Centaur is acceptable to the near -term plan which 
consists of Galileo, ISPM and VOIR missions. Only the Wide-body 
Centaur and IOTV provide the necessary performance capability in the 
future program objectives to assure adequate flexibility and resilence 
for sensible planning. 
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TABLE 5.2-12 

SUMMARY 
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5.3 POD ASSESSM 

5.3.1 isntopiicnm 

He will treasure each system concept, as proposed, against the 
re^uirsrants that were outlined and discussed in tfcs previous section. 
This will be 5 qualitative Assessment end consequently so^whct less 
rigorous than would be done in a formal system validation process. 
The IUS end Centaur data is available in considerable depth in formal 
contractual documentation; however, most of the other system concepts 
presented sre available only in a briefing format. Consequently, 
considerable judgement must be applied as to the degree that each 
system concept meets each specific requirement. Most concepts, as 
proposed, are based on a relatively simple, minimum modification 
approach to putting an upper stage in the Shuttle. This, in fact, 
closely parallels concepts previously considered and rejected by the 
Air Force as not adequate for meeting DOD upper stage requirements in 
the Space Shuttle era. 



5.3.2 SYSTEMS EVALUATED 



We have evaluated a range of upper stages as proposed by a 
number of different contractors. Those assessed here are representa- 
tive of the systems potentially available. Several contractors have 
presented concepts that are not specifically addressed in this report; 
while there are some differences in approach, there sere no fundamentally 
different concepts presented. We do believe, therefore, that there 
is a sufficient number of upper stage concepts to preclude the 
possibility that significant changes in the final conclusions would 
result by the addition of another candidate. The stages included in 
this assessoent ere illustrated in Figure 5.3-1. 

FIGURE 5.3-1 



UPPER STAGE COMPARISON 







Inertial Upper Stage (IDS) Two-Stage configuration. Hanu- 
facturer - Boeing Aerospace Corporation. The !US is a solid rocket 
sotor propelled vehicle with one large and one saall rocket sotor. 
The fllS is Currently being developed to meet defense and NASA earth 
orbiting mission requirements. The IUS has redundant systems in 
order to maximize the probability of launch success. 

Hide-Bodied Centaur. Manufacturer - General Dynaaics Corpora- 
tion. This is a derivative of the expendable launch vehicle version 
of the Centaur which is a cryogenic (liquid oxygen, liquid hydrogen) 
upper stage. Cryogenic propellants approach the theoretical limits 
of efficiency for chemical propulsion systems. NASA has begun develop- 
ment of the wide-bodied Centaur (29' long version) for use on plane- 
tary aissions in the Shuttle. 

STS Transtage. Manufacturer - Martin Marietta Corporation, 
i he STS iranstage is an adaption of the existing Titan Transtage for 
Shuttle use. It employs storable hypergolic propellants. The Transtage 
is representative of the storable propellant upper stage concepts; it ' 
is also the most mature of these concepts. 



Interim Orbital Transfer Vehicle (IOTV) or Optimized Cryogenic 
Upper Stage. Manufacturer - to be determined by competition. An 
optimized family of cryogenic stages would be built from the beginning 
to accommodate the full range of NASA and defense requirements. Pro- 
gram costs estimates are based on this intent and include high launch 
reliability and various length stages, as well as the other operational 
defense requirements. 

Solar Electric Propulsion System (SEPS). The conceptual SEPS 
can Supplement the chemical propulsion stages and is capable of moving 
large or heavy satellites to earth orbits with low, but continuous, 
acceleration. Very long transit times are required (month versos 
hours for chemical stages). 

5.3.3 EVALUATION METHODOLOGY 

Each Upper Stage has received a qualitative assessment of its 
ability, as presently conceived, to meet each of the stated defense 
mission requirements. The evaluation of each upper stage was first 
done against the operational 000 payload requirements and then against 
the requirements for the potential post-1990 000 missions, in each 
case, a detailed evaluation was performed against each of the require- 
Gisnts shown in Figures 4.2-2 and 4.2-3. This detailed assessment was 
then susicrized as shown in Figures 5.3-2 and 5.3-3; this summary 
provides a rare balanced assessment since not all requirements ere of 
equal importance. This assessment is conducted and presented on a 
qualitative basis with the results presented in a satisfactory/unsatis- 
factory code. The meaning of each code is outlined below: 

Unsatisfactory (U): Upper stage concept as presented clearly 
does not meet the specified requiressnt, and would be extremely diffi- 
cult or impossible to fix to satisfy the requiressnt. 

Satisfactory with Modifications (S/H): Concept does not meet 
the requirement, but the system concept can be modified to satisfy 
the requirement at some cost; or the concept is sufficiently undefined 
so that a significant uncertainty exists in the system capability. 

Satisfactory (S): System concept as presented meets the require- 



Me will discuss the significant deviations from the operational 
000 payload requirements as presented and then provide a brief assess- 
ment of the long term growth potential of each stage against the 
potential post-1990 000 missions. 



_FIGUR£5.3-2 

000 STS UPPER STAGE REQUIREMENTS SATISFACTION 
FOR OPERATIONAL DOD PAYIOADS 
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5-3.4 UPPER STAGE ASSESSMENT VERSUS OPERATIONAL DOD PA7L0AD 
REqUIREi^EKTS 

We will briefly summarize each stage against its technical 
requirements as shown in Section 4.2 of this report, with particular 
emphasis on those items where the requirements are not fully met. 
The detailed results of our assessment of each stage aoainst operational 
DOD payload requirements are shown in Figure 5.3-2. A word of caution 
- these assessments are not absolute, they represent a relative measure 
against 000 requirements. Additional funding can reduce or eliminate 
soils of the deficiencies cited; in fact, any of the candidate systems 
evaluated can meet the full range of operational requirements with 
adequate funding. 



FIGURE 5.3-3 

DflO STS UPPER STAGE REQUIREMENTS SATISFACTION 
FOR POTENTIAL POST • 1830 DOO MISSIONS 
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Enertial Upper Stage. 

The IDS, as designed, aeets all approved prograa (Figure 4.2-2, 
Column I) current 000 launch requirements (5,000 pounds to a geosyn- 
chronous orbit). 

The IDS will meet all fins planned (Figure 4.2-2, Column 2) 
payload launch requirements projected through the 1980 ' s with one 
exception. Moderate growth to a 5,500 pound payload weight will be 
required; this change can be accomodated through a relatively Ion 
risk propulsion upgrade. Sufficient lead time is available so this 
upgrade can be routinely accomplished. The 5,500 pound capability 
can be obtained by a non recurring investment of about SSOH to S60H. 

The IU5 can grow to about a 6,000-5,500 pound geosynchronous 
orbit capability by continuing the propulsion upgrade mentioned above. 
This capability can be obtained for a total non recurring investment 
of about SIMM to S140N (an increment of SS0 million above the 5,500 
pound capability in the previous paragraph). This would meet the 
desired capability (Figure 4.2-2, Column 3) stated by the operational 
00D payload prograis (5,800 pounds in 1987, 6,200 pounds in 1988) 
until a major payload block change occurs (projected as 8,000 pounds 
in 1990). However, the 6,000+ pounds represents the limits of low to 
moderate technical risk IUS growth; the 8,000 pound capability could 
only be obtained through a higher risk propulsion upgrade. 



IUS growth potential over the long term is severely limited. 
While the IUS can still continue to support a number of missions 
through the 1990' s, a new stage will likely he required to accomo- 
date major 000 spacecraft block changes and new missions in the late 
!990's and early in the 21st Century. 

Hide-Bodied Centaur (29 Foot Version). 

The wide-bodied Centaur meets, and indeed greatly exceeds, all 
projected firm defense requirements for throw weight through the 
1980's and into the mid-1990's. 

Considerable effort, above the planned NASA baseline, would be 
required to satisfy the full range of defense mission requirements. 
This results from the minimum modification approach currently planned 
to utilize the Centaur in the Shuttle. However, depending upon which 
defense payloads transition to the Centaur, only a portion of these 
requirements may need to be satisfied at any given point in tins. 
Reliability and guidance system improvements are closely related; 
incorporating redundant avionics with current technology (probably by 
adapting the IUS avionics) would eliminate the deficiencies in relia- 
bility and guidance and improve the injection accuracy. A structural 
modification (including qualification of the RLiO engine to run on a 
6:1 mixture ratio) will enable the Centaur to accommodate U foot 
payloads. A ioad alleviation system can be designed and qualified 
which will enable the 000 spacecraft to survive the peak Shuttle 
landing loads. Several other modifications can be made (additional 
spacecraft services; insulation of the tanks, etc) which will improve 
the ability to accommodate the range of defense mission requirements. 
These changes could be retrofitted into the basic Centaur for between 
S250M and S275M, and this work could be accomplished downstream as 
needed to support those spacecraft which choose to transition to the 
Centaur. 

STS Transtage. 

The proposed Transtage configuration can meet all known firm 
and projected 0OD payload weight requirements through the 1980 ' s and 
into the early 1990's. 

Additional effort, above the contractor proposed baseline, 
would be required to meet all defense requirements. Since the Tran- 
stage is considered as a replacement (vice supplement) to the IUS all 
the requirements would need to be satisfied. As with the Centaur, 
adapting the redundant avionics from the IUS would significantly 
improve system reliability and guidance flexibility and accuracy. A 
load alleviation system can be designed to enable the Transtage to 
absorb the Shuttle landing loads and present spacecraft damaie. Only 
relatively minor changes would be needed in other system areas to 
fully accommodate defense mission needs (the Transtage has been 
launching defense spacecraft on the expendable Titan IIIC). Conse- 
quently, the Transtage changes could be made for between S100M and 
S125H. 



Interim Orbital Transfer Vehicle (I0TV)/0ptimized Cryogenic Upper 



This stage could meet all current and projected defense require- 
ments through the 1980's and into the early 1990's. This new optimized 
Stage has the greatest long term growth potential since it can make 
maximum utilization of the Space Shuttle bay and could be built to 
meet the full range of defense mission requirements. 

5.3.5 UPPER STAGE ASSESSMENT VEDSUS POTENTIAL POST-1990 
OOP HISSlOlt REQUiREMEHTS 

The operational 009 payloads discussed in the previous section 
will probably continue (in larger and more capable configurations) 
indefinitely. However, some new mission concepts are likely to be 
added late in this century. Selected concepts were presented in 
Figure 4.2-3 in terms of their upper stage requirements. These new 
concepts will place even greater demands on all aspects of space 
transportation including the upper stage. Figure 5.3-3 presents an 
estimate of long term requirements based on these post-1990 missions; 
each upper stage is then assessed against these requirements. There 
are some very significant changes in the results when compared with 
operational DOD payloads. 

Inertia! Upper Stage (IUS). 

The IUS payload capability falls far short of meeting the more 
demanding of these missions, and Shuttle throw weight limits will be 
reached at about 9-10,000 pounds of geosynchronous payload. Shuttle 
weight liaits will aise constrain IUS use in an on-orbit rendezvous 
mode with large (fa!! bay) payloads. further, the new demands of 
spacecraft recovery, aultiple sngsne burns, and multiple rendezvous 
cannot be reasonably attained by a jolid-prapellant stage. Long term 
IUS use will be limited to deployment of payloads similar to those 
planned for the 1980's. 

Wide-Bodied Centaur (29 Foot Version). 

The Centaur shows a considerable capability against these long 
term requirements, although significant modifications would be needed 
to fully satisfy the projected needs. However, even the Centaur (and 
the IOTV) cannot handle the largest projected payloads (equivalent to 
30,000 pounds in geosynchronous orbit) without added propulsion capa- 
bility such as the Solar Electric Propulsion System (SEPS). 
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STS Transtage. 

The Transtage is also limited on maximum payload {at about 
9,000 to 10,000 pounds] to geosynchronous orbit due to the Shuttle 
throw weight limitations. Even its ability to handle long-term, on- 
orbit storage is of limited value; Figure 5.3-4 shows that the cryogenic 
stages can provide greater on-orbit maneuver capability by transporting 
a storable propellant maneuver module (either separate or integrated 
with the spacecraft) to the storage orbit. 

Interim Orbital Transfer Vehicle (IOTV) 

The IOTV shows a greater capability against these potential 
post-1990 DOD mission requirements than any other upper stage. However, 
as with the Centaur, an added propulsive capability, like the SEPS, 
will be needed for the most demanding missions. 

5.3.6 OTHER CONSIDERATIONS 



it is apparent that the requirements of 21st century defense 
space missions go well beyond the level which can be satisfied 
completely with higher energy upper stages (even those in the Centaur/ 
IOTV class), particularly if they must operate within a Shuttle which 
is performance limited to 65,000 pounds. Consequently, we should 



begin to assess methods of increasing Shuttle payload capability, 
evaluate follow-on launch systems with payload capabilities well 
beyond the Shuttle, investigate the benefits of using multiple Shuttle 
flights with on-orbit renedezvous of the upper stage and payload, and 
consider the use of performance techniques like Solar Electric Propulsion. 

Further, as the survivability of space systems becomes increasingly 
important to our national defense, higher energy will likely be required 
for all aspects of space transportation. Survivability requirements 
could result in heavier spacecraft and, eventually, in the need to 
conduct high altitude launches from Vandenberg AFB in the case of 
outage at the Kennedy Space Center. This will drive both greater 
Shuttle performance (to lift the Combined spacecraft and upper stage) 
and increased upper stage performance (to handle the greater plane 
change needed to achieve geosynchronous orbit from a Vandenberg launch). 
These factors will also drive future upper stages toward the more 
efficient cryogenic propellant vehicles. 



UPPER STAGE OPTIONS - COST AND SCHEDULE CONSIDERATIONS 
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6.0 UPPER STAGE OPTIONS - COST AND SCHEDULE COHSIDERATIONS 

6.1 INTROOUCTiOH 

6.2 LIFE CYCIE COST ANALYSIS 

6.2.1 IHTRODUCTION 

Schedule considerations are an important factor in near term 
decisions regarding upper stage availability for critical defense 
missions. During the process of preparing the life cycle cost analysis 
to be discussed in a later paragraph, several schedule related assump- 
tions were made: they included: first, a ! Oct 8! upper stage decision; 
NASA funding, as required, available on 1 Oct 8!; DOD funding for 
new starts or production available 1 Oct 82. This establishes the 
earliest availability of Shuttle upper stages. The availability of 
these stages is illustrated in Figure 6.2-1. As a part of the life 
cycle cost analysis, each stage within each option was assessed for 
its ability to capture some element of the mission model and thus 
ensure that all payload requirements could be met. The following 
paragraphs discuss the options investigated and illustrate the 
resulting mission "capture" for each stage. 

FIGURE 6.2-1 

EARUEST UPPER STAGE AVAILABILITY 



STAGE 


CALES9AS YEAS | 


82 85 


R | 85 


86 


8? ; 


T5AD/T;{ASSTAGE 


i 


I 
| 




; 


BSD/iSS 


4 




1 






TKB/CESTAB 






4 






| 


STS I3S 












i 
i 


. 2 STAGE 3ASIC 
2 STAGE gSWni 
(6,000* IB GEO) 


4 








4 




TS1S STAGE 








* 






STS/CE8TA3S 












i 


29 FT 
18 FT 








* 


"f 




STS/T5ANSTAGE 






r* 


"4 




STS/SEPS 






| 




4 


STS/ i ON 






1 




* 



IBS Class (Redumakt/Ischsaseo Relmbiutv) Avioi 



6.2.2 OPTIOHS 

A number of possible options were developed in order to assess 
the capability of each stage to support particular elements of the 
mission model. The life cycle launch cost was evaluated for each of 
these options. The options are defined in Figure 6.2-2 and include 
various nixes of IUS, modified Centaur, an optimized cryooenic vehicle 
known as the interim Orbital Transfer Vehicle (IOTV), and'ftanstage 
An option employing the Solar Electric Propulsion System (SEPS) was 
also considered. One conclusion emerges from evaluation of the 
schedule availability; the procurement of the first !3 Inertial 
Upper Stage vehicles is necessary in order to support near term NASA 
and defense earth orbiting launch requiraents. However, the IDS 
schedule is extremely tight if additional !US vehicles should be 
required to support a 1985 planetary flight. 

FIGURE 6.2-2 

NASA/DOD UPPER STAGE OPTIONS 
FOR LIFE CYCLE COST ANALYSIS 
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6.2.3 MISSION t 



The specific mission model for each ootioo is shown in Figure 
6.2-3; it shows the number and types of missions (both civil and 
defense) "captured" by each upper stage. For example, in Option 1, 
78 total flights are projected through 1994 with 53 of these flights 
being NASA or 000 upper stage missions. The remarino missions are 
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civil commercial spacecraft. The total number of flights varies 
somewhat from one option to another because of payload mixing which 
is possible in certain cases due to the larger throw weight capability 
of the cryogenic stages. 



FIGURE 6.2-3 

TRAFFIC SUMMARY 
FOR LIFE CYCLE CYCLE COST ANALYSIS 
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6.2.4 LIFE CYCLE COST ASSESSMENT 

This analysis was performed based upon the schedule assumptions 
of Figure 6.2-1, the options of Figure 6.2-2, and the mission capture 
of Figure 6.2-3. Me then developed a data base containing the major 
cost elements for each upper stage. 

Several significant assumptions and ground rules form the 
basis for costs used in this analysis. 

Cost data was obtained from the responsible government office 
(i.e. NASA/Lewis for Centaur, Af Space Division for IDS, etc). 

All costs include a 20 per cent contingency factor —this may 
differ from the contingencies used in budgeting by both agencies. 

Only costs subsequent to 1 October 1981 are used in the analysis 
therefore, all prior "sunk" costs are excluded since FY 81 and prior 
year costs are the same for all options. 



Transportation costs (upper stage, Shuttle, expendable launch 
vehicles) are the focus of this analysis, although an attempt was 
made to assess the spacecraft and nonrecurring integration costs 
when a different upper stage is used, Modifications to NASA planetary 
spacecraft are included; modification to DOD spacecraft are assumed 
"zero" and excluded since there was not sufficient time to evaluate 
this area in sufficient depth to make reliable estimates. All other 
spacecraft program costs are excluded. 

Commercial users of upper stages are included in the non-OOP 
traffic. This adds 20 commercial spacecraft to the traffic model 
and influences the upper stage build rate (and thus the unit cost). 
However, only government costs are included in the life cycle cost 
results. This also has the effect of causing the study results to 
differ from agency budgets since we do not consider any potential 
"savings" (which result from reduced unit costs from larger buys) 
from upper stage purchases by commercial customers when planning DOD 
and NASA budgets. 

IOS modifications io increase payload weight capability above 
6000 pounds are included in all options where IUS is continued 
indefinitely. Further ths IUS cost-to-complete includes all near 
term inputs resulting from development contract cost growth and the 
[iASA termination of the planetary IUS variants. Out-year pro- 
duction cost estimates are developed on the same idealised ground 
rules used for the other upper stages (steady state production, no 
production breaks, etc}. 

All costs are in constant FY 31 dollars. 
FIGURE 6.2-4- 

LIFE CYCLE COST COMPARISON 
[TONS Of FY81 DOLLARS], 
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The results of this analysis are shown in Figure 6.2-4. 
Option 2 (with the DOD using the MS and NASA using' the Centaur) is 
the study baseline, and option costs are measured relative to 
Option 2. Several general conclusions can be reached from this analysis. 

Life cycle cost is not a driving decision factor. The varia- 
tions between options are within the error inherent in the analysis. 
All options fall within ± ffl of the baseline program (Option 2). 

General cost tendencies offer few surprises — the cost of 
SUS-dominant alternatives are generally lower since much of the 
development costs are behind us; the cost of iOTV options are generally 
higher since the entire development is ahead of us; and the costs of 
DOD reliability modifications (Options 48 and 56) tend to be higher 
than the corresponding "simple" systems because reliability effects 
are not considered. However, when the value of the spacecraft that 
would be saved due to increased reliability itz considered, the 
reliability investments are repaid in every case; this is because 
the value of the first mission saved (S2O0H - SOT) equals the 
entire life cycle cost of the reliability upgrade. 

Since the life cycle cost does not dominate the decision, 
near term investaent strategies become important factors. NASA and 
QOD near term earth orbital requirements can only be satisfied by 
the IUS, so there is no significant near term DOD funding issue 
arising from this analysis. HASA funding strategy questions — due 
to their early (1985) planetary launch requirements — are much more 
significant and will be addressed in the following section. 

6.3 PLMTABY BiSSiOH COST JBWLYSIS RESULTS 

The analysis performed took into consideration all aspects of 
costs, i.e., the development cost of upper stages, development and 
modification costs of launch complexes, modification cost to Orbiter, 
deita costs associated with the spacecraft configurations based on 
carrier vehicle requirements, cost of carrier vehicles, operations 
cost (ground and fliuht), etc. The options analyzed are shown in 
Figure 6.3-1. 

The results are shown in Table 6.3-1 in real year dollars. 

The nine options divide, by cost, rouohly into three groups. 
Options 1, 2, 4 and 7 range in total cost from S199ZM to SZ161M. 
Options 5 and 6 cost from S2312M to S2331M. Options 3A, 38 and 3C 
cost from S26UB to S2740H. Options 3A, 3B and 3C cost the least in 
FY 1982 and FY 1983 but cost the most in runout since the development 
cost of the IOTV is deferred past 1983. 

Options 1 and 7 in the first group use only the two stage or 
twin stage IUS plus kick stages. They offer competitive costs to 
Options 2 and 4 in 1982 and about S100M less cost in 1983. 
Options 2 and 4 utilize the Centaur STS and are thus capable of 
flying the missions in the most effective manner. 
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Options 5 and 6 Coll for development of advanced Transtage 
plus the Delta 3929 stage and the early development of ScPS, respec- 
tively. In addition to adding cost to the planetary programs, these 
options create more convex missions, degrade mission performance, 
and have limited growth potential. The Transtage from a planetary 
mission point of view, considering cost and performance, is not a 
good option. 

Options 3A, 38 and 3C all assume development of an iOTV. from 
a total cost picture, these option' are the highest in cost. Kith 
the current requirements the possible advantages of an IOTV does not 
appear to justify the additional cost and development. 

A specific cost analysis was also performed as related only 
to the Galileo mission as flown on either the Centaur STS or the IUS 
Two-Stage. The IUS Two-Stage option was associated with a split 
mission approach, with the Arbiter launch in 1985 and the Probe in 
1986. Results indicate that some near term savings, ssall dollars 
can he realized but that at final completion with the Centaur approach, 
for less dollars (Centaur S1217.0H vs IUS S1279.7H), the U.S. gains 
a high energy stage in the U.S. STS stable. With the lUS's no new 
benefits are realized. In addition, the Centaur provides a direct 
trajectory, combined spacecraft, mission with less trip time and 
other positive benefits. 
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An IDS Galileo, combined spacecraft mission, case 5 in Section 
5.3.1.3, utilizing the iUS on a A -VEGA trajectory was also analyzed 
with development of preliminary cost figures. Sased on preliminary 
mission analysis, this option provided, at best, major compromise to 
the mission which would have to be subjected to detailed review by 
the scientific community. Further mission analysis, while possible, 
to identify other mission options would involve much more detailed 
analysis. In addition to mission deficiencies, the combination of 
weight and CG location for a Galileo combined spacecraft with kick 
stage would represent a load to the generic IBS which is greater 
than design limits. This fact would require, as a minimum, structural 
modifications to stiffen that upper stage. The implications of such 
a modification and tha cost and schedule consequences as wsli as 
risks are not well understood at this time, in sumnary, whiie it is 
apparent that a mission with a combined Galileo spacecraft can be 
accomplished with upper stage performance characteristics equivalent 
to an IUS it is not clear that such a mission could be accomplished 
without major science compromises as well as high cost and schedule 
risks which would make a single launch in 1985 undesirable. 
Consequently, as this option provided for extremely high technical 
risk and a low mission accomplishment reliability factor, the assess- 
ment and cost analysis »as discontinued. 
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7.1 NASA SUMMARY 

7.1.1 INTRODUCTION 



i by Congress, NASA and DOD have performed a study 
to determine the nation's upper stage mission requireaents and have 
performed a comprehensive analysis of upper stage options, to define 
the most appropriate program for meeting the nation's needs. 

7.1.2 NASA/COMMERCIAL EARTH-ORBITING REQUIREHEMTS 

The evolution of commercial spacecraft since the early 1960's 
has been analyzed. The historical trend showed starting around 1975 
spacecraft weight began to stabilize within the performance of the 
STS. In c number of cases this has required users to limit space- 
craft weight and size, increase number of spacecraft, support develop- 
ment of other carrier systems, and develop more complex equipment to 
fit within weight and size limits. 

With an earth orbital transportation system market developing, 
ESA initiated the Ariane program with several options. Ariane I, 
II, III and IV will be competitive in performance and cost with the 
Delta, Atlas Centaur, SSUS-D, SSUS-A and the STS/IUS. Ariane V, 
which will require a new cryogenic second stage with the Ariane IV, 
a stage approximately one-half the size of the Saturn S-IV8 stage 
and of similar technology, will be capable of carrying up to 8,500 
pounds to geosynchronous orbit: The performance will exceed the 
current planned STS/tUS performance capability and is expected to be 
priced so as to be cost competitive. The Intelsat VI spacecraft is 
being designed to be compatible with Ariane IV. The Centaur STS 
will exceed the Ariane V performance, 8,500 pounds, by at least 
4,500 pounds. 

Intelsat has indicated that they see the need for future 
geosynchronous spacecraft in the 9,000 to 12,000 pound class. Based 
on past experience this spacecraft development will most certainly 
take place if firm plans exist for a cryogenic upper stage capable 
of delivering such spacecraft to geosynchronous orbit. Comsat has 
also stated that they see future generations of spacecraft to be 
much heavier than current spacecraft and the industry could very 
well benefit from a carrier capability such as an integrated 
Shuttle/Centaur launch system. 

Normally, four to five years exist between the initiation of 
spacecraft design and the flight date. The first comnercial use of 
a high energy upper stage could therefore be between 1986 and 1989, 
depending on the firmness and maturity of the selected upper stage 
program. In any case, firm commercial requirements for and use of 
any new carrier capability will follow by some period of time the 
development phase of the carrier program. 



NASA studies of large space structures show that materials 
technology makes payloads such as large space platforms and antennas 
now practical for the late 1980's. Such payloads, because of size 
and fragility of structure will require upper stage performance with 
low thrust capability to prevent structural damage from excessive 
acceleration. This capability has been extensibly demonstrated with 
RL-10 engine tests. The RL-10 engines are used on the Centaur STS. 

In summary of earth orbiting requirements: 

1) Spacecraft growth rate has been limited by planned/available 
carrier capability. 

2) ESA has embarked on a vigorous program (the Ariane launch 
vehicle program) to canpetitively satisfy user/spacecraft \ 
requirements. 

3) Spacecraft requirements in the late 1980's and early 
1990's will depend on firm upper stage/carrier capability 
plans existing in the early and mid 1980's. 

4) Earth orbital requirements for the late 1980's for a 
high energy STS upper stage capability, are real. But 
earth orbital requirements cannot mature, or develop 

into business ventures because of business risk philosophy, 
prior to maturity and confirmation of upper stage plans. 

7.1.3 HASA PLAHETARY REqUIREHEHTS 

The development of the final mission capabilities and require- 
ments is an iterative process in which launch limitations are accomo- 
dated by (1) added trip time to the planets, (2) more launches, 
i.e., payload split into two or more parts, (3) use of low-energy 
gravity assisted trajectories based on specific launch opportunities, 
(4) addition of high energy propulsion systems in the spacecraft 
itself which complicates design and raises cost, and/or (5) reduction 
in mission objectives. 

Development of a high energy upper stage for the Shuttle will 
alleviate most of these constraints and significantly improve the 
cost/scientific return relationship for planetary missions. 

The ISPM mission is an approved cooperative mission for 1986 
whereby the European Space Agency (ESA) is providing the spacecraft 
and the U.S. is providing the transportation system. Mission planning 
and Spacecraft system design has proceeded using the Centaur as the 
most effective upper stage for the program. A change in interface 
requirements at this time could affect spacecraft cost and established 
working relationships. 

In sunmary of planetary mission requirements, currently funded 
missions exist. The first mission, the Galileo scheduled for launch 
in 1985, with a spacecraft weight of 5,500 pounds and a C3 of 83, 
requires the Centaur STS performance capability. For subsequent 
missions, funded and planned, the requirement exists for similar 
high energy performance for maximum benefit per mission dollar expen- 
diture, i.e., maximum scientific return per mission cost. 



7.1.4 NASA C0HCLUS10NS 

Assessment of the overall requirement shows that a high energy 
stage is needed to fulfill projected NASA and commercial needs. 
Assessment of total program cost to fulfill the mission requirements, 
as related to possible upper stage program options reveal that the 
decision should be based on schedule and performance rather than 
life cycle cost (i.e., cost is not a major discriminator). The long 
range cost analysis results showed that the variance between options 
was small and within error inherent in the analysis. The near term 
cost analysis as related only to planetary missions showed that the 
cost variations between the baseline and other options with exception 
of the IOTV options (10TV cost were much higher) were small. An 
overall sumnary by stage is as follows: 

The IUS vehicle could satisfy NASA fira earth-orbiting require- 
ments through the 1980 ' s . The IUS is clearly the best option for 
the TORS missions for NASA. It does not capture the «A5A planetary 
missions in an efficient manner. It does not meet the anticipated 
commercial or government performance requirements for the late 1980's 
or early 1990's. 

The Transtage could satisfy the NASA firm earth-orbiting 
requirements through the 1980' s from a performance standpoint, but 
could not ba available in tins to support TORS missions. The Transtage 
is not efficient for the NASA planetary missions and it does not 
meet the anticipated comercial or NASA performance requirements for 
the late 1980's or early 1990's. 

The iOTV is the highest cost approach as a new stage would 
have to be developed. With current requirements, the possible advan- 
tage of an IOTV does not appear to justify the additional cost and 
development time. 

The Centaur is the only vehicle able to meet schedule require- 
ments for the current planetary missions. In addition, it could 
compete on a cost and performance basis for new programs, such as 
Intelsat VI, beginning in 1986. 

The Centaur would meet and exceed the Ariane performance by 
approximately 4,500 pounds, be available in 1985, and would accommodate 
the current and envisioned missions through at least the mid-1990's. 

SEPS - The SEPS was studied in combination with the IUS, 
Transtage, and Centaur vehicles. The current IUS combined with SEPS 
is not as efficient as the Centaur alone for the currently approved 
planetary missions. The SEPS combined with a high energy upper 
stage such as the Centaur or IOTV is required for projected NASA 
missions in the 1990's. 



7.2.1 INTRODUCTION 

Defense missions place 3 wide range of demands upon all ele- 
ments of space transportation, including upper stages. These 
requirements go well beyond the need for a significant amount of 
energy for payload injection and consider a wide range of operational 
factors important to maximizing the operational availability of 
critical defense spacecraft missions. These demands can be expected 
to increase over time along with demands for increased payload weight 
lifting capability. 

7.2.2 NEAR TERM DEFENSE REQUIREMENTS 

As indicated by the assessment in Section 5.0, the Inertial 
Upper Stage, with modifications, can satisfy all firm defense require- 
ments projected through the 1980's. This is not a surprising result 
since the IUS was designed specifically to meet those requirements 
during this period of time. Host operational defense spacecraft 
programs are undergoing mission block changes concurrent with transi- 
tion to the Shuttle and the IUS. Consequently, only evolutionary 
growth can be expected in the systems over the next several years. 
The operational DOD payload programs also desire to grow to about 
5,800 pounds by 1987 and 6,200 pounds by 1938. Some improvements in 
IUS propulsion will be needed in order to satisfy these evolutionary 
requirements. Such improvements should be relatively low risk and 
involve moderate cost to achieve. Should a higher energy upper 
stage become available before 1990, it is likely that sore defense 
spacecraft programs will take advantage of the enhanced mission 
capability as opposed to trying for more capability within a con- 
strained payload weight. 

7.2.3 LOWS TERM DEFENSE REOUBBBTTS 

A number of operational defense space programs project signi- 
ficant payload weight increases beginning in 1990 as the new sequence 
of block change spacecraft become operational . For those programs 
which do not grow dramatically, the IUS would likely remain the 
primary launch vehicle. However, for programs whose weight in geosyn- 
chronous orbit grows into the 8,000-10,000 lb. range, a significantly 
more capable upper stage will be required. A new upper stage based 
either on cryogenic or storable propellants would be suitable for 
missions in this weight class. 

An assessment of the advanced mission concepts for defense 
satellites, however, shows that beginning in the late 1990's, that 
significant increases in payload weight will be needed and that a 
number of different high energy orbits will come into operational 
use. Since the Shuttle will likely still be the primary vehicle for 
launching such systems, then the performance limitations will be 
determined primarily by trj upper stage selected. Consequently, the 
Shuttle throw weight limits— combined with dramatic increase in 
mission requirements— will ultimately result in the need for the 
high-efficiency, high-energy levels provided only by a cryogenic 
liquid propel lent stage. Long term defense requirements could be 



satisfied by any cryogenic upper stage. The Centaur concept as it 
is currently being implemented by NASA, would require significant 
modifications in order to fully satisfy defense requirements. A new 
stage would be built to these requirements, further, there is some 
possibility that a single Shuttle - optimized cryogenic liquid stage 
(roughly 20 feet in length) could satisfy both defense and NASA 
planetary mission needs. 

Payload weight requirements in the 21st century will require 
additional propulsion capability such as could be provided by the 
Solar Electric propulsion Systes (SEPS), or by alternative payload 
capability enhancements such as increased Shuttle performance and a 
new generation of launch vehicles. 

7.2.4 POD CONCLUSMS 

Upper Stage performance requirements (payload weight and 
injection accuracy) remain the most important discriminator between 
systems. Figure 7.2-1 illustrates the defense requirements for pay- 
load weight in orbit as a function of the incremental velocity 
required above the Shuttle park orbit; the capability of the various 
upper stages are then shown relative to those requirements. The 
firm defense payload requirements are shown by the cross-hatched 
regions in the lower left of the figure. The potential post-1990 
DOD mission requirements are illustrated by the three dashed regions; 
these regions (marked "projected growth") show significant increases 
in launch energy. In particular, the dashed region in the upper 
left of figure 7.2-1 shows the performance needs for large platforms 
in high altitude orbits, while the dashed region in the lower right 
shows the performance needs for "two-way" missions which go to high 
altitudes and return to the Shuttle. 

The Upper Stage performance curves, when overlaid on the 
mission requireaents of Figure 7.2-1, clearly illustrate the appro- 
priate upper stage strategy to satisfy defense needs. The Inertial 
Upper Stage (IUS) can meet nearly all the firm defense needs, and 
the IUS can be easily modified to "capture" the saall region of 
missions not within its basic design capability of 5,000 pounds to 
geosynchronous orbit. The Transtage (or other storable propel lant 
systems) can satisfy all the firm defense needs, but can only capture 
a small portion of the projected growth. Shuttle payload limits 
(65,000 pounds) will limit both the IUS and Transtage growth such 
that these systems can never capture a significant portion of the 
projected defense needs. The cryogenic propel lant stages (Centaur 
and IOTlf) can capture a very large portion of the projected growth, 
and when combined with the solar electric propulsion system (using 
two Shuttle flights) could even capture a portion of the large high 
altitude platform aissions. 

Consequently, it appears logical to retain the IUS and make 
necessary incremental performance improvements to meet firm defense 
needs. There appears to be little benefit to transition to the 
Transtage, or another storable propellant system, since this approach 
does not appreciably add to current mission capability and does not 
capture a significant portion of the projected growth. In terms 
of overall system capabilities, the Transtage should be considered 
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as a substitute for, rather than a follow on to, the IDS. The logical 
step for defense missions is to complement the IU5 capability with a 
cryogenic upper stage which will have long term utility. 

Figure 7.2-1, however, also illustrates the limitations of 
upper stages; it will ultimately be necessary to increase the basic 
Shuttle lift capability (or build larger boosters) to capture all 
the projected mission growth. Improvements in Shuttle (or booster) 
lift capability has the effect of moving all the upper stage perform- 
ance curves up and to the right in Figure 7.2-1 thus increasing the 
total mission capability, 
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The overall conclusions relative to defense upper stage require- 
ments are presented in Figure 7.3-2, and considers both the performance 
capabilities presented in Figure 7.2-1 and the operational requirements 
discussed in this report. These conclusions can be summarized as 
follows: 

IDS, with low risk propulsion upgrades, can satisfy all opera- 
tional 000 payload program firm snd desired caplbilities through the 
1980's; however, IUS is severely limited in its ability to support 
operational program block changes in the 1990's, and it probably 
cannot be adapted to supoort the potential new missions beginning in 
the late 1990's. 

Transtage (and other storable liquid systems) has capabilities 
and limitations generally similar to the IUS over the long term. 
Consequently, it does not appear advantageous to transition defense 
spacecraft to a storable propellant system. 



Centaur provides an adequate growth upper stage for defense 
missions, although considerable effort (above the planned NASA baseline) 
vrauld be required to satisfy defense requirements. No firm defense 
requirement exists before about 1990; however, an early availability 
would permit enhanced spacecraft mission capability without the 
constraints of payload weight limits. 

A cryogenic propellent IOTV, designed for the full range of 
defense missions, could be available in sufficient time for DOD 
needs. 
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8.0 JOINT NASA/POO COMCLUS IQNS/RECCWHEHDAT iQHS 

8.1 CONCLUSIOIIS 

The !IIS is the only available stage capable of meeting the 
near term earth-orbiting requirements for DOD and NASA. With modi- 
fications, the IUS could satisfy NASA and 000 earth-orbiting missions 
through the 1980's. 

The Transtage (or other storable propellant vehicles) could 
satisfy near term NASA and 000 earth-orbiting requirements from a 
performance standpoint, but cannot be available in sufficient the 
to meet current program schedules, in addition, it is not efficient 
for NASA planetary missions and falls short of meeting projected 
long term national performance requirements. 

An I0TV since it would be optimally designed to meet national 
requirements, would be the best upper stage to meet the long term 
performance and operational needs of both NASA and the 000. However, 
this approach is not acceptable since the development time required 
for such a new stage would not allow the NASA near term requirement; 
to be met. In addition, cost and schedule risks would be considerably 
higher than for the Hide-body Centaur. 

The Centaur is the only vehicle capable of meeting near term 
NASA planetary requirements, particularly the need for a Galileo 
combined Orbiter/Probe mission on a direct trajectory to Jupiter in 
1935. The Centaur will satisfy the future envisioned and proposed 
NASA planetary missions through the aid-1990's. The Centaur can 
also be adapted to meet both current and projected NASA and 00D 
earth-orbiting requirements and its early availability could provide 
considerable enhancement to 00D mission capabilities. 

Development of a cryogenic upper stage will strengthen the 
United States leadership role in both hydrogen/oxygen engine technology 
and in payload lift capability. The long range requirements will 
drive upper stages toward the very high specific iapulse perforaence 
provided by hydrogen/oxygen cryogenic stages. Proceeding with a 
cryogenic upper stage will maintain the small engine cryogenic techno- 
logy lead, aaintain a second domestic source of cryogenic expertise, 
and strengthen the government's long term competitive opportunities. 
Proceeding with the wide body Centaur will accomplish these ends and 
provide a significant and timely jump in upper stage performance. 
This will allow the United States to compete with the Arianeand 
also maintain our clear preeminence in the important field of cryogenic 
engine technology. 

8.2 RECOMMENDATIONS 

In order to satisfy the national mission requirement/needs of 
both the 000 and NASA, the Air Force should continue development and 
production of the IUS and NASA should develop the Centaur. 
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